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THESIS INTRODUCTION 
A major outstanding question in disease ecology is how animal movement influences 
pathogen dispersal, both over short (Daversa et al. 2017) and long distances (Altizer et al. 
2011). Interest in this question has expanded rapidly with the realization that outbreaks of 
zoonotic pathogens may be increasing in frequency (Jones et al. 2008), putting both wildlife 
and human populations at risk (Daszak et al. 2000). Migratory animals in particular are 
strongly implicated in the long-distance dispersal of high-profile infectious pathogens (Figure 
1; Ricklefs et al. 2005, Altizer et al. 2011), such as avian influenza viruses and West Nile virus 
by migratory birds (Owen et al. 2006, Verhagen et al. 2014), and Ebola viruses by migratory 
bats (Breed et al. 2010, Ogawa et al. 2015). Outbreaks of these zoonotic pathogens have led 
to an increasing research focus on host-pathogen dynamics in migratory animals (Bauer and 
Hoye 2014, Boulinier et al. 2016, Fritzsche McKay and Hoye 2016).  
Despite the logical link between migration and disease dispersal, there is considerable 
uncertainty over the frequency and extent to which migratory animals disperse pathogens. 
There are several lines of evidence that support the concept that migratory animals enhance 
the global spread of pathogens. For example, actively migrating animals are often infected 
with pathogens (Hubálek 2004), and migratory species have been found to host a higher 
diversity of pathogens than non-migratory species (Figuerola and Green 2000, Koprivnikar 
and Leung 2015, Leung and Koprivnikar 2016, Teitelbaum et al. 2018). In addition, avian 
influenza viruses tend to be more genetically related to each other along avian migratory 
flyways (Lam et al. 2012, Tian et al. 2015, Fourment et al. 2017), indicating a degree of mixing 
during migration.  However, despite the observations outlined above strongly implicating 
migrants in pathogen dispersal, there is a surprising lack of direct evidence of migratory 
animals carrying pathogens long distances, and the observed infection prevalences in 
migrants may have alternative explanations. For instance, migrating animals may be immuno-
compromised (Buehler et al. 2008, Buehler et al. 2010, Eikenaar and Hegemann 2016), making 
them susceptible to infection with local pathogens at migratory feeding sites where they 
aggregate (Verhagen et al. 2014). Moreover, pathogens (by definition) generally exert 
negative effects on their hosts, and this may hinder the ability of animals to migrate whilst 
infected (Weber and Stilianakis 2007).  In short, although there is broad evidence that suggest 
that migratory animals carry pathogens during their migrations, the extent to which they do 
is unknown and, conceptually, rather conflicted. 
The epidemiology of infectious pathogens is underpinned by a number of universal concepts, 
with the degree of susceptibility (i.e. the likelihood of an individual becoming infected) and 
tolerance (how well an infected individual can maintain health and performance) of the host 
to infection being particularly important factors needed to predict transmission (Råberg et al. 
2009). Migratory animals are interesting in this respect because they undergo pronounced 
changes to pathogen exposure and energy allocation during migration, and therefore there is 
good theoretical justification for believing that their migratory status may predictably shape 
2 
 
their susceptibility and tolerance over their life cycle (Figure 2; Buehler and Piersma 2008). 
For example, migrants are presumably exposed to a novel suite of microbes and potential 
pathogens on arrival at a new location, potentially making them more susceptible to infection 
when migrating. In addition, energy expenditure during migration is extremely high (Wikelski 
et al. 2003), and long-distance migrants undergo endogenously-triggered changes to their 
physiology during these periods that may alter immune function (Buehler et al. 2008). 
Elucidating how susceptibility and tolerance vary over the life history of migratory animals 
can therefore contribute to our understanding of the capacity of migratory animals to 
disperse pathogens.  
The main body of this PhD thesis aims to investigate a number of mechanisms that are likely 
to shape tolerance and susceptibility of migratory animals, and therefore the extent to which 
they are able to disperse pathogens.  Although tracking and repeatedly sampling individual 
migrants across their life cycle would be ideal for directly monitoring pathogen dispersal, this 
is extremely difficult to perform in the field. Cross-sectional sampling for infection across 
migratory stages also poses significant problems, because it is often challenging to determine 
the mechanisms driving observed infection prevalence, or whether transmission occurred 
locally or elsewhere. Moreover, because infections are often rare or intermittent, very large 
sample sizes are needed to ensure a proportion of the sample are infected. Consequently, I 
chose not go down this methodological route for this body of research. Instead, I investigate 
the tolerance of migratory animals by collating data on how infection affects migration 
performance from across the literature, and examine susceptibility to potential pathogens by 
applying the gut microbiota as a model system to understand how migrants respond to novel 
microbial agents. 
In terms of susceptibility, I chose to study the gut microbiota because it provides a number of 
advantages over screening migrants for known or potential pathogens. Firstly, the gut 
microbiota provides an ideal system to quantify the level of transmission of microbes 
between the host’s environment and its gut. Although most encountered microbes are not 
pathogenic, the rate at which microbes are able to get a foothold in the gut has direct 
implications for host susceptibility to infection (Browne et al. 2017). Quantifying transmission 
is far more challenging when applying only known pathogens, because level of exposure of 
the host to the pathogen is often unknown, and prevalence of infection within a population 
is often low. Studying the gut microbiota therefore provides a novel way of assessing host 
susceptibility that accounts for how hosts deal with the large array of potential pathogens it 
continually encounters, rather than just successful pathogens, and increases our 
understanding of the mechanistic drivers of host infection susceptibility.  
A second reason for studying the gut microbiota to understand susceptibility is that the gut 
microbiota play a critical role in host resistance to pathogens (Kamada et al. 2013, Pickard et 
al. 2017). Resident commensals can outcompete potential pathogens, and therefore a stable 
gut microbial community is generally thought to promote pathogen resistance by limiting 
available niches for pathogens to exploit (Sommer et al. 2017). Commensals also stimulate 
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epithelial barrier immune function to decrease the chances of pathogens crossing the gut-
blood barrier (Pedicord et al. 2016). Intriguingly, some studies have found that certain 
microbial compositions even enhance adaptive immune responses to infections that originate 
outside of the gut (e.g. blood or neural infections; Erny et al. 2015, Villarino et al. 2016).  As 
such, the dynamics of the gut microbiota over the different life stages of migratory animals 
may particularly relevant to understanding their susceptibility to parasite infection. Although 
in this thesis I do not correlate gut microbiota dynamics with infection status or immune 
parameters, this would be the logical next step for future research.  However, considering gut 
microbiota dynamics of migratory animals over their life cycle is unknown, the careful 
documentation of microbial transmission, as well as gut microbiota responses to long-
distance migration and novel environments, are valuable components towards a full 
understanding of migrant susceptibility. 
In CHAPTER ONE I test the hypothesis that pathogen infection negatively effects migration 
performance, and, if so, to what extent. This is a particularly important question because the 
dispersal of pathogens by migrants is reliant on animals being able to migrate whilst infected 
(i.e. their tolerance to infection), yet it is currently unclear whether this is generally the case. 
For example, although pathogen infection commonly (and by definition) should have negative 
effects on the host, and therefore may be supposed to hinder migration, many studies find 
no obvious symptoms of low pathogenic avian influenza infection in migratory birds 
(reviewed in Kuiken 2013).  Although several studies have tested the effect of infection on 
some aspect of fitness pertinent to migration performance (e.g. body stores or migration 
phenology), variations in methodology and study systems have previously obscured the 
detection of any overarching trends.  
To elucidate effects of infection of migration performance, I collated and standardized data 
from studies that quantify the effect of a pathogen infection on either body stores, refuelling 
rate, movement, phenology and/or survival on a migratory host, and performed a meta-
analysis across studies. To do this, I screened over 4000 titles and abstracts that were flagged 
from a Web of Science search query to ensure all appropriate studies were included, and 
collated standardized data from 41 studies, consisting of 85 data points, that met all study 
criteria.  I then performed a meta-analysis on the standardized effect sizes whilst statistically 
controlling for a number of confounding variables. Overall, I found that infection did 
significantly and negatively affect body stores, movement, phenology and survival, but mostly 
the effects were relatively small. I concluded that infection does generally appear to hinder 
migration performance compared to uninfected counterparts, but migrants appear to largely 
be able to compensate for infection in ways that limit the effect on survival. In the paper, 
which we present as published in Journal of Animal Ecology, we discuss the implications of 
these results on pathogen dispersal by migratory animals, and recommend directions for 
future research on this question. 
To test the extent of microbial transmission between host environment and migratory hosts, 
in CHAPTER TWO I quantify microbial sourcing from foraging sediment for a long-distance 
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migratory shorebird, the Red-necked stint (Calidris ruficola), using 16S amplicon sequencing. 
I applied a careful study design that assessed whether bacterial transmission between 
sediment and the gut differed for newly arrived individuals (that had just completed a 10,000 
km migration) and non-migrating individuals that had occupied the site for over a year, all 
sharing a single flock in South-East Australia. In addition, I also compared sediment-gut 
bacterial transmission between two non-breeding populations occupying ecologically distinct 
habitats, and recaptured a number of individuals over the seven month non-breeding season 
to understand gut microbial dynamics at the individual and population level. I hypothesized 
that if individuals were susceptible to microbial invasion from their foraging sediment, then 
1) resident individuals would source a higher proportion of microbes from their environment 
than newly arrived birds; 2) recently migrated individuals would have a higher diversity 
(reflecting their recent exposure during a multi-stop migration) than non-migrants; and 3) 
that populations exposed to distinct microbial communities would demonstrate divergent gut 
microbial communities.   
Our results were rather surprising, considering that previous studies on non-migratory species 
consistently detected substantial sourcing of microbes from their environment (20-60%; Kohl 
and Dearing 2014, Smith et al. 2015, Kohl et al. 2016, Chen et al. 2017). We found that all 
stint, no matter migratory status or population, consistently sourced negligible proportions 
of bacteria from their environment, with an average of 0.1% of detected microbes estimated 
to be sourced from foraging sediment. The negligible environmental sourcing of microbes was 
reflected by only small differences in community structure between populations inhabiting 
different habitats that were characterized by highly distinct microbial profiles. Interestingly, 
individual stint recaptured over time still demonstrated large fluctuations in community 
composition, suggesting a level of long-term instability that may be driven by changes to diet 
and/or physiology, rather than direct uptake from the environment. I concluded that stint 
appear to be highly resistant to environmental microbial invasion, even just after a 10,000 km 
migration. Another notable finding was that recently migrated individuals had a distinct 
microbiota to conspecific individuals that had remained in the area for a year, which appeared 
not to be due to environmental uptake of microbes.  Overall, these migratory shorebirds 
appear to have a much higher resistance to microbial invasion than any other animals 
examined, despite ingesting large amounts of sediment biofilm as part of their diet. We 
present this research as published in Molecular Ecology.  
In CHAPTER THREE, we tested whether active migration is associated with gut microbial 
dysbiosis (the breakdown of microbial communities) in two species of long-distance migratory 
shorebirds. Long-distance migration is exceptionally energetically challenging, and migratory 
shorebirds in particular undergo some of the longest and fastest migrations in the animal 
kingdom (Gill et al. 2009, Alves et al. 2016). In response to this extreme migration, many avian 
migratory species demonstrate atrophy of the gut during active migration, which reduces the 
weight of the digestive system and diverts blood flow to the heart and muscles to power flight 
(Battley et al. 2000). There is also some evidence that migrants may downregulate their 
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immune function over this period (Buehler et al. 2008, Buehler et al. 2010). Together, these 
physiological adaptations may be expected to cause some level of disruption to gut microbial 
communities, with implications for infection susceptibility, yet such effects remain 
unexamined. 
In this chapter, I build upon results presented in chapter two, where I present evidence that 
recently migrated Red-necked stint had a distinct gut microbial community to individuals that 
had remained on the non-breeding grounds for a year. To investigate the generality of these 
findings, I replicated this study design by sampling migrating and non-migrating stint at a 
shorebird migratory stopover location on the other side of the continent in North-Western 
Australia, and also included the closely-related Curlew sandpiper (Calidris ferruginea) sharing 
the same mixed-species flock. Although sample sizes for each group were fairly small (I aimed 
for 15 from each category, providing a total of 90), this is a sufficient sample size to identify 
moderate to strong differences in microbial communities between groups. Altogether, this 
chapter compares gut microbiota composition of migrating and non-migrating conspecifics 
for three populations that encompass two species and two distant locations, with an aim to 
identify consistent trends in microbial composition across these groups.  
Across the two species and two populations, we found a dramatic ~20-fold increase in one 
particular bacterial genus, Corynebacterium, in all migrating groups compared to non-
migrating groups. This held across the two species and the two locations, which are 3000 km 
apart. However, other than this particular taxa, overall composition, diversity and community 
variation in microbial communities tended to be similar between migrating and non-migrating 
groups, suggesting that migration is not overall associated with microbial dysbiosis. Together 
with results from chapter two, these findings indicate that migratory animals are not 
obviously susceptible to microbial invasion, even during active migration. We present these 
findings as published in Journal of Animal Ecology.  
In chapters one to three I test specific assumptions that have been proposed to shape migrant 
tolerance and susceptibility, and I use the gut microbiota as a model system for two of these 
chapters. For CHAPTER FOUR I expand beyond the primary theme of migration and pathogen 
dispersal, and focus on the wider role of the gut microbiota in regulating an animal’s 
physiology, behaviour, and fitness. In this chapter I review the intricate mechanisms by which 
gut microbiota composition is known to regulate host physiology, and how these can coalesce 
to shape host behaviour and fitness. Animal susceptibility and movement ecology form two 
major processes that shape a species’ population dynamics; my aim is to embed these into a 
larger framework that outlines how variations in gut microbiota composition can regulate the 
two major components of host fitness: reproduction and survival. I’ve included this as part of 
the PhD thesis because although ecological studies on the gut microbiota are flourishing, 
there is still little cohesive understanding of how host-microbe interactions identified in the 
fields of medicine and microbiology may apply to the ecology of wild hosts. This body of work 
therefore acts as a comprehensive reference and synthesis that ultimately aims to guide 
future research on host-microbe interactions and their repercussions for host populations. 
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Figure 1) A diverse range of species and their parasites traverse the globe every year. 
However, their role in the global spread of pathogens remains unclear. Figure reprinted 
from Altizer et al. 2011, Science, with permission from AAAS and Sonia Altizer. 
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Figure 2) Migratory animals undergo a number of ecological and physiological changes as 
they migrate from their breeding to non-breeding grounds that may modulate their 
susceptibility to infection across their life cycle. Figure reprinted from Altizer et al. 2011, 
Science, with permission from AAAS and Sonia Altizer. 
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Migratory animals feel the cost of getting sick: a meta-
analysis across species 
 
ABSTRACT 
Migratory animals are widely assumed to play an important role in the long-distance dispersal 
of parasites, and are frequently implicated in the global spread of zoonotic pathogens such as 
avian influenzas in birds and ebolaviruses in bats. However, infection imposes physiological 
and behavioural constraints on hosts that may act to curtail parasite dispersal via changes to 
migratory timing ('migratory separation') and survival ('migratory culling'). There remains 
little consensus regarding the frequency and extent to which migratory separation and 
migratory culling may operate, despite a growing recognition of the importance of these 
mechanisms in regulating transmission dynamics in migratory animals. We quantitatively 
reviewed 85 observations extracted from 41 studies to examine how both infection status 
and infection intensity are related to changes in body stores, refuelling rates, movement 
capacity, phenology, and survival in migratory hosts across taxa.  Overall, host infection status 
was weakly associated with reduced body stores, delayed migration and lower survival, and 
more strongly associated with reduced movement. Infection intensity was not associated 
with changes to host body stores, but was associated with moderate negative effects on 
movement, phenology and survival.  In conclusion, we found evidence for negative effects of 
infection on host phenology and survival, but the effects were relatively small. This may have 
implications for the extent to which migratory separation and migratory culling act to limit 
parasite dispersal in migratory systems. We propose a number of recommendations for future 
research that will further advance our understanding of how migratory separation and 
migratory culling may shape host-parasite dynamics along migratory routes globally.  
 
INTRODUCTION 
Across the globe, billions of animals undertake long-distance migrations every year (Dingle 
2014). These predictable mass-movements create ecological connections between otherwise 
isolated sites, with migrants transporting energy, nutrients, seeds and parasites throughout 
their journeys (Bauer and Hoye 2014, Viana et al. 2016).  In particular, migrants have been 
hypothesized to act as ‘superspreaders’ of infection (Fritzsche McKay and Hoye 2016), 
because in addition to making long-distance movements, they also face increased exposure 
to parasites and pathogens (both referred to as 'parasites' henceforth; Figuerola and Green 
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2000, Leung and Koprivnikar 2016), and form dense aggregations that can promote 
transmission (Altizer et al. 2011, Fritzsche McKay and Hoye 2016). Moreover, migration may 
render animals more susceptible to infection via changes to immune function (Owen and 
Moore 2008, Buehler et al. 2010). Together, these characteristics have led to the widely held 
assumption that migrants enhance the global transmission of parasites, including zoonotic 
pathogens such as Avian Influenza viruses, Ebolavirus and West Nile virus (Reed et al. 2003, 
Altizer et al. 2011, Prosser et al. 2014). However, despite a number of powerful correlative 
studies that provide indirect evidence for migrant involvement in pathogen dispersal (e.g. 
Tian et al. 2015, Verhagen et al. 2015, Lycett et al. 2016), direct demonstration of  
transmission as a result of animal migration remains exceedingly rare (Ricklefs et al. 2005, 
Altizer et al. 2011).   
The scarcity of demonstrated parasite dispersal events by migrants has led to the suggestion 
that migrants may not universally enhance parasite transmission and dispersal. This concept 
is indirectly supported by some studies showing genetic differentiation of parasite strains 
along migratory routes (e.g. Park et al. 2015, Hill and Runstadler 2016), and only intermittent 
outbreaks of zoonotic diseases along migration corridors (e.g. Verhagen et al. 2015).   
Collectively, these findings have added to a growing body of ecological theory suggesting that 
migration may act to reduce parasite transmission (and thereby prevalence) within the 
population, via a number of distinct mechanisms (Loehle 1995, Krkošek et al. 2007, Altizer et 
al. 2011, Shaw et al. 2016).  Notably, the physiological and ecological constraints imposed by 
infection may result in behavioural changes that induce ‘migratory separation’, whereby 
infected individuals are delayed in their migration phenology relative to uninfected 
counterparts, resulting in a period of spatial isolation and reduced transmission (Galsworthy 
et al. 2011, Bauer et al. 2016). In addition, the combined physiological demands of migration 
and infection may coalesce to permanently remove infected animals from the population via 
'migratory culling' (Bradley and Altizer 2005).  These two mechanisms are mediated by the 
effects of infection on host behaviour and, ultimately, survival. 
The extent to which migratory separation and migratory culling act upon migratory 
populations is dependent on how infection affects migrants’ physiology and behaviour, as 
well as the degree to which they are affected. For example, infection may impact the pre-
migratory fuelling rate of the host (e.g. van Gils et al. 2007, but see Hoye et al. 2016), thereby 
reducing the body stores required to fuel migration (e.g. Altizer and Oberhauser 1999). 
Infection may also hamper host movement capacity (including endurance, stamina, and 
speed; Bradley and Altizer 2005, Sjöberg et al. 2009, Mages and Dill 2010). Such effects may 
accumulate throughout the migratory period to result in changes to migration phenology of 
the individual (Studds and Marra 2005) that lead to migratory separation across the 
population. Ultimately, changes to physiology, behaviour, and phenology may reduce host 
survival probability (Hostetter et al. 2011, Krkošek et al. 2013), thereby removing the host 
from the population either during (migratory culling) or (long) after infection.  The degree to 
which infection alters each of these physiological and behavioural traits has important 
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implications for the capacity of migrants to transport and transmit parasites along their 
migratory route (Galsworthy et al. 2011, Bauer et al. 2016), yet such effects are not well 
understood.  Although the effects of infection have been examined in a number of individual 
host-parasite systems across migratory birds, fish and insects, the generality of these findings 
and the predictability of infection-induced changes to animal migrations across taxa has yet 
to be assessed.   
The purpose of this study was to assess how infection status and infection intensity affect 
migration, with an overall aim of understanding the extent to which migratory separation and 
migratory culling may act to decrease parasite dispersal in migratory animals. Importantly, 
because migrants undertake predictable long-distance movements, both migrants and their 
parasites may have evolved particular adaptations to infection and host migration, 
respectively, that would alter host-parasite relationships in comparison to non-migratory 
hosts. We therefore quantitatively summarized the extent to which infection from a diverse 
range of parasites has been found to alter migratory performance in seasonal migrants that 
make spatially and temporally predictable migrations. We compiled standardized effect sizes 
for both infection status (Hedges’ g) and infection intensity (Fisher’s z) from the literature to 
assess, under a meta-analytical framework, how both these infection components are 
associated with changes to body stores, refuelling rates, movement capacity, migratory 
phenology, and survival, in migratory hosts. In addition to our findings, we propose 
recommendations for future research that will further advance our understanding of the 
extent to which migratory separation and migratory culling may shape host-parasite dynamics 
along migratory routes. 
METHODS 
Study selection criteria 
The following criteria were applied to select relevant articles:  
1) The study had to be on a migratory species, of any taxa, that undertakes seasonal 
movements between one geographic region and another. A universal definition of animal 
migration has proved difficult to formulate (Dingle 2014). For the purpose of this study, we 
considered populations migratory if their movements took the form of spatially and 
temporally predictable, synchronous, persistent movements between regions; undistracted, 
at least initially, by suitable resources or home ranges; on a much greater scale and of much 
longer duration than those arising in the animal's normal daily activities; and required distinct 
departure and arrival behaviours and energy reallocated to sustain the journey (Rankin 1985, 
Dingle and Drake 2007, Dingle 2014). We used this definition because parasite transmission 
is underpinned by both host susceptibility and host contact rate, and the prevalence in 
populations places selection pressure on individual behaviours (Altizer et al. 2011). Therefore, 
individual- and population-level components of migration are central to understanding 
parasite transmission by migrants. Applying this logic, we included species and populations 
that were either obligate or partial migrants, regardless of whether these movements were 
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completed by an individual or successive generations (i.e. migratory circuits; Dingle and Drake 
2007). Species that make nomadic, dispersive, or irruptive movements (e.g. in response to 
variable rainfall patterns) were outside the scope of this study.  
2) The study had to quantify infection status or intensity of infection for a given parasite, 
either directly (for instance via PCR amplification, microscopy, or visual detection; e.g. Sjöberg 
et al. 2009), or indirectly (for instance, physical disease symptoms; e.g. Hostetter et al. 2011). 
Experimental studies that implemented broad-scale parasite removal of gastrointestinal or 
ectoparasites were included (e.g. Krkošek et al. 2013), as well as studies that experimentally 
added parasites (e.g. Bradley and Altizer 2005).  
3) The study had to assess a measure of performance related to migration, and either quantify 
differences between groups (e.g. infected/uninfected) or correlate the performance measure 
with infection intensity.  Although there may be carry-over effects of reproduction on 
migration performance, we did not include studies that only quantified the effect of infection 
on reproduction because we considered it not directly related to migration performance and 
hence transmission potential. 
4) The study had to have performed a frequentist statistical approach and provide all sample 
sizes, and either an exact p value or an effect size.  In addition, the direction of the effect, 
even if reported non-significant, had to be clear. Studies were carried out during any life 
history stage of the host species and conducted either in the field or in controlled laboratory 
settings.   
To find relevant articles the following search query was entered into Web of Science, on 2nd 
March 2017:  
TOPIC: (infection or parasite or parasitised or parasitized or pathogen or parasitism or 
disease* or infected) AND  (migration or migrant or migratory)TOPIC: (effect* or impact* or 
fitness or perform* or behaviour or behavior or survival or condition or cost* or phenology 
or mortality or arrival or departure).  
Articles were filtered for year (after 1990), language (English), document type (article) and 
category (Supplementary file 1: Fig. S1). This refined 24,680 articles to 4445 articles. To target 
invertebrate studies, which are often not specifically noted as being migratory in articles, we 
reran the above query but replaced (migration or migrant or migratory) with (insect or 
invertebrate). This returned an additional 758 results. Eighteen potentially relevant articles 
were added to this list via screening references of known relevant articles. Therefore, a total 
of 5221 articles were manually screened for relevance, and 5080 of these were excluded 
immediately for not being on the relevant topic (e.g. brood parasitism, human migration, or 
known non-migratory species). The remaining 141 articles were read and either deemed to 
meet all four requirements (41 studies), or excluded with reasons (100 studies; 
Supplementary file 1 for list of excluded studies with reasons; Fig. 1 visualizes PRISMA 
flowchart for full study selection process). 
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Figure 1) PRISMA flowchart of article selection process and sample sizes. 
 
Data extraction 
Forty one studies met the study selection criteria outlined above (full list in Table S2). These 
studies investigated either multiple migratory host species, multiple parasites, or multiple 
performance traits, each of which were extracted as an observation (n = 99). Of these, 66 
observations measured infection status (infected/uninfected), and 33 measured infection 
intensity.  
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For each observation we extracted the following four explanatory variables (details outlined 
in Table 1): 1) the performance trait measured (body stores, refuelling rate, movement, 
phenology, and survival); 2) parasite type (protozoa, mite, virus, and helminth); 3) life history 
stage at which performance was measured; and 4) study design (experimental or 
observational). All variables were classed as categorical. 
Calculation of standardized effect sizes 
We calculated all standardized effect sizes using the R package ‘compute.es’ (Del Re 2010), 
which converts presented effect sizes, p-values and sample sizes into standardized effect 
sizes. For observations that measured infection status (n = 66), we calculated the standardized 
effect size Hedges’ g and its sampling-error variance.  Hedges’ g is defined as the number of 
standard deviations by which two groups differ (Hedges and Olkin 1986).  Hedges’ g was 
chosen over Cohen’s d to calculate standardised effect size across studies because Hedges’ g 
pools variance using n − 1 instead of n and thus provides an unbiased estimate for smaller 
sample sizes (Grissom and Kim 2012). For studies that measured the effect of infection 
intensity on performance, we calculated Fisher’s z (Borenstein et al. 2009), which is calculated 
by converting Pearson’s product-moment correlation coefficient r to the normally distributed 
variable z.  Where insufficient information was available to compute standardised effect size 
from the text, figures (i.e., boxplots or scatterplots) in the respective publications were used 
to extract the relevant information using GetData Graph Digitizer software (seven 
observations across six studies). Authors were contacted to provide additional information 
on sample sizes and analyses for two additional observations (Souchay et al. 2013, Sorensen 
et al. 2016).   
Statistical analyses 
The aim of this study was to estimate host migration responses to both infection status and 
infection intensity, for each migratory performance trait (host body stores, refuelling rates, 
movement capacity, phenology, and survival probability), within a meta-analytic framework. 
Put simply, this involved adding extracted effect size of infection on the measured 
performance trait (either Hedges’ g or Fisher’s z) as the response variable within a mixed-
effect meta-model, and the performance trait measured (body stores, refuelling rates, etc.) 
as the predictor variable, and weighting each data point within the model by the study’s 
statistical power (sample size). We built two ‘optimum’ meta-regression models (described 
below) that estimated host responses to infection: one for observations that measured 
infection status (predicting Hedges’ g), and one for those that measured infection intensity 
(predicting Fisher’s z). Because Hedges’ g and Fisher’s z cannot be compared to each other, 
we conducted analyses for each type of infection measure separately.  
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Table 1) The four ecologically relevant variables included in the meta-analysis, including their 
categorical levels, description, and sample size (total N = 52 for infection status, N = 33 for 
intensity). In addition, the sample sizes for the taxonomic order of host species is included. 
Phylogenetic relationships are controlled for as a random effect. 
 
 
Model selection 
We selected the optimal meta-regression models by applying biological principles and by 
model selection based on lowest AICc (corrected Akaike's Information Criterion; Burnham and 
Anderson 2004).  For observations that measured infection status, we tested which 
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explanatory variables should be retained as covariables by comparing AICc values of 
candidate meta-regression models predicting migration responses to host infection status, 
constructed from a global model of Hedges' g against all four ecologically relevant variables 
outlined above (categories and sample sizes in Table 1). Candidate models were compared 
using the glmulti package (Calcagno and de Mazancourt 2010). Each candidate model was 
allowed a maximum of two variables from the global model to avoid over-parametrization, 
and all models additionally included study ID and host phylogeny as random effects.  
For observations that measured intensity, sample sizes were quite small (n = 33), therefore 
we applied univariate meta-models predicting Fisher’s z as a function of each of the four 
explanatory variables, as well as the null model. Study ID and phylogeny were again included 
as random effects. The model retaining performance trait best explained variation in Fisher’s 
z (AICc values: 45.1, 55.5, 57.7, 58.6, 67.4  for models retaining the variables trait, no variables 
(null model), parasite type, study design, and host life history stage, respectively). Therefore 
we present a simple meta-regression model with trait as the only explanatory variable as our 
optimum model predicting Fisher’s z. 
Model construction 
All meta-models compared during the model selection process were built using the rma.mv 
function in package Metafor (Viechtbauer 2010). When building any meta-model, 
observations were weighted automatically by the inverse of the variance of the effect size, so 
that large studies (with small sampling-error variance) were given more weight than small 
studies (Gurevitch and Hedges 1999). However, due to eight observations that measured 
infection status having particularly small variances (due to very large sample sizes in the tens 
of thousands), we ran our analyses with variance capped at 0.01 (i.e. could not go below 0.01).  
This ensured that the weighting was not excessively biased towards these observations 
(weighting plots for final model predicting Hedges’ g with and without capped variance 
provided in Fig. S4).  Rerunning the final model for infection status (described in more detail 
below) without capped variance did not alter model results, but produced a model that had 
much higher heterogeneity (i.e. variance in true effects, as opposed to sampling variance; I2 
= 89% compared to 18%; Table S5 & Fig. S6 for uncapped model estimates). In addition, 
excluding points that are capped, and rerunning the model with uncapped variances 
produced a model very similar to the model with capped variances, providing further 
evidence that the model is robust to changes in model weighting methods.  We also checked 
model fit by plotting fitted and residual values for final meta-models. Although four outliers 
were identified in the model estimating host response to infection status (the four most 
negative points in Fig. 3), excluding these points made almost no difference to the model due 
to their small sample sizes, and therefore low weighting in the model. Finally, excluding 
studies on the Monarch butterfly, which had small sample sizes, did not alter model results, 
effect sizes or interpretation, therefore we retained these points in all models. 
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Accounting for dependency 
To account for correlations in effect sizes as a result of data points being extracted from the 
same study or from phylogenetically similar host species, we included study ID and host 
phylogeny as random effects in all models.  To control for phylogeny, we created a 
phylogenetic tree of all host species (Fig. S3) using the rotl package (Michonneau et al. 2016) 
in R version 3.2.3 (R Core Team 2013). Because rotl does not calculate branch lengths for 
trees, we estimated these using the compute.brlen function within the R ape  package 
(Paradis et al. 2004). A correlation matrix of phylogenetic relatedness between any two host 
species was then constructed using ape’s vcv function. This correlation matrix was 
incorporated into all meta-regression models, within Metafor, so that phylogenetic 
relatedness between any two host species could be accounted for as a random effect. 
For the analysis of infection status (n = 66), we randomly excluded 14 observations that used 
the same animals to measure the same trait (e.g. a study that analysed the effect of two 
different strains of parasite on survival of the same group of host animals), to avoid excessive 
dependency. Therefore the meta-analysis on infection status had a final sample size of 52 
observations. Excluding these points did not significantly alter model results. However, we 
retained data points that used the same host animals to measure separate traits (e.g. the 
effect of infection on survival and condition of the same group of animals) to maintain sample 
sizes. To account for this type of dependency, we also analysed the traits separately to ensure 
pooling data did not bias results, and present these models with their individual I2 values 
(Higgin et al. 2003). We present total I2 (per cent of observed variation estimated to be due 
to true heterogeneity in effects, opposed to sampling variation or error), and how much of 
this heterogeneity is attributed to study and host phylogenetic effects. 
For analysis of observations that measured infection intensity (n = 33), excluding points that 
used the same animals to measure the same trait (n = 6) did not change the model, therefore 
we included all data. However, we noted that dependency between observations cannot be 
fully accounted for due to the limited number of studies that data could be extracted from (n 
= 13), and therefore we present this model without drawing strong conclusions, and as a 
reference point for future studies. As with observations measuring infection status, we also 
analysed each trait separately for comparison. For full transparency, we visualized the data 
distribution amongst studies in Fig. 4b.   
RESULTS 
Of the 41 studies included in our analyses, 27 were on avian hosts, 10 on fish, and 4 on the 
long distance migratory Monarch butterfly (Danaus plexippus). No studies involving 
mammalian or reptilian migrants fit the criteria for inclusion in the study.   
Effect of infection status on migration 
Thirty five studies, encompassing 52 observations, measured how infection status affected 
performance. Of these, parasites were found to have a negative effect on a performance trait 
in 69% of observations, and a positive effect in 27% (the remainder were neutral (i.e. Hedges' 
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g equalled zero; Fig. 2a). In total, only 24 observations (42%) reported significant effects (p < 
0.05; Fig. 2a). A negative rank correlation between variance and effect size showed the largest 
(negative) effect sizes came from the studies with least precision (Kendall’s τ = -0.21, p = 
0.008), indicative of some publication bias towards negative effects (Fig. 2b). However, this 
relationship was driven by three points with particularly negative effects and small sample 
sizes (Fig. S7). These points had low weights within the meta-models, and therefore had little 
influence on model outcome.  
The null model predicting the effect of infection status on overall performance across 
observations (n = 52) predicted an overall Hedges’ g of  -0.21 ± 0.07 SE (Z = -2.7, p = 0.006). 
This model had an I2 of 56% (i.e. 56% of variance was attributed to true heterogeneity, as 
opposed to sampling variance). Of this heterogeneity, 28% was attributed to within-study 
clustering, and 28% was attributed to clustering by host phylogeny.  Model comparison on 
the basis of AICc found that trait was the only strong predictor of Hedges’ g (Table 2). 
Comparison of variable importance values (equal to the sum of the weights for candidate 
models in which the variable appeared) for all explanatory variables found that migration trait 
was the most important predictor of Hedges’ g (trait = 0.8, study design = 0.2, host life history 
stage = 0.1, parasite type = 0.05). Our optimum model predicting Hedges’ g therefore included 
trait only, controlling for study ID and host phylogeny as random effects. This model predicted 
a Hedges’ g (equal to the number of standard deviations between infected and uninfected 
groups) of -0.13, -0.15, -0.49, -0.17 and -0.10 for body stores, refuelling, movement, 
phenology, and survival, respectively (Table 3a for model statistics; Fig. 3a visualizes model 
estimates for each trait).  Infection had a significant negative effect on each trait except 
refuelling rate (for which there were just five observations), and infection status had a 
significantly more negative effect on movement than other traits (Fig. 3a). Traits were also 
modelled separately (with no covariates) to ensure independence and to explore 
heterogeneity for each trait (Table 3b, Fig. 3b). Null models of each trait showed very similar 
effect estimates but heterogeneity was variable, with estimates for survival being the most 
precise with lowest I2, and those for movement being the least precise with highest I2.       
Effect of infection intensity on migration 
We calculated effect size Fisher’s z for 33 observations from 13 studies. Of these, 71% 
reported a negative effect and 23% a positive effect, with 57% in total reported significant 
(Fig. 2c). A funnel plot of the null model predicting Fisher’s z indicated no evident publication 
bias (Fig. 2d). The null model across observations, estimated a negative Fisher’s z correlation 
of -0.14 between infection intensity and migratory performance, with performance 
decreasing with increased infection intensity. However, this model had high heterogeneity (I2 
=  67%; of which 23% attributed to within-study effects, and 44% was attributed to host 
phylogenetic effects), suggesting very variable effects of infection intensity on performance 
across studies. Adding trait as an explanatory variable found that intensity was positively but 
weakly associated with host body stores, and negatively associated with movement, 
phenology and survival (Fisher’s z = 0.05, -0.16, -0.27, and -0.24, respectively; Table 4a, Fig. 
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4a). This model had an I2 of 73% (of which 40% was attributed to within-study effects, and 
33% was attributed to host phylogenetic effects). Modelling each trait separately 
demonstrated similar results (Table 4b; Fig 4b). However, these data should be treated with 
caution, due to the small sample sizes and non-independence arising from data points being 
extracted from relatively few studies (Fig. 4b). 
 
Table 2) Top ten competing candidate models constructed from a global model of all four 
variables predicting standardized effect size (Hedges’ g; ES) of infection status, ranked by 
cAIC.  
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Table 3) Model statistics for a) the full model predicting the effect of infection status on 
different migratory traits; and b) each trait modelled separately. All models account for study 
ID and host phylogeny as random effects, and the residual heterogeneity that these factors 
are estimated to account for are included under I2 (study) and I2 (phylo), respectively. 
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Table 4a) Model statistics for the meta-regression model predicting the effect of infection 
intensity (Fisher’s z) on migration trait (n = 33); b) shows model statistics for each trait 
modelled separately. Model estimates for all models below are visualized in Fig. 4a and b. 
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Figure 2a) Forest and b) funnel plots of Hedges' g values and their variances for observations 
measuring the effect of infection status on five different migratory performance traits (n = 
52). Six points on the left outside of the white triangle of the funnel plot indicate some minor 
publication bias towards negative results; c) Forest and d) funnel plots of Fisher’s z values and 
their variances for observations measuring the effect of infection intensity on four 
performance traits (n = 33; no observation measured effect of intensity on refuelling). For 
forest plots: square size is proportional to the weights used in the meta-analysis. Asterisks 
indicate observations that were reported statistically significant. Triangles indicate variances 
that were capped at 0.01 for analyses (variances for these points are close to zero). 
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Figure 3) Estimated effect sizes (Hedges' g), standard errors (shaded grey) and 95% 
confidence intervals (whiskers) extracted from a) the optimum model that predicts effect size 
of infection status on performance trait (Table 3a); and b) estimated effect sizes from models 
where each trait is modelled separately (Table 3b). Boxplots are overlayed with raw data 
(circles) with the size of the circle proportional to its weight within the model (i.e. larger circles 
represent larger sample sizes). Colours represent host phylogeny by order (a) and parasite 
type (b). 
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Figure 4) Estimated effect sizes (Fisher’s z), standard errors (shaded grey) and 95% confidence 
intervals (whiskers) extracted from a) the meta-model predicting the effect of infection 
intensity on performance trait (Table 4a); and b) when each trait is modelled separately (Table 
4b). Boxplot overlayed with raw data (circles) with the size of the circle proportional to its 
weight within the model. Colours represent the parasite type (a), and the study the data was 
collected from (b). 
 
DISCUSSION 
Parasite infection has the potential to impose physiological constraints on migratory hosts 
that may act to reduce parasite prevalence, either by culling infected hosts or temporarily 
separating them from uninfected counterparts.  By quantitatively reviewing the available 
literature and accounting for study power, we provide evidence that parasite infection is 
indeed associated with behavioural changes that may alter migratory performance and 
consequently parasite transmission.  Host infection status was associated with lower body 
stores, reduced movement capacity, delayed migration phenology, and lower rates of 
survival, although the estimated effects on most of these traits, except movement, were 
relatively weak. Moreover, we found that the intensity of the infection may also be important 
in predicting host response to infection, with increased intensity negatively associated with 
host movement, phenology, and survival. Although sample sizes were small, there was no 
relationship between infection intensity and body stores. Such modest effects of infection on 
27 
 
host performance traits may provide some explanation for half of all observations reporting 
no significant effect of infection on performance traits. Although such small effects may still 
be biologically (and epidemiologically) relevant, sample sizes must be high to reliably and 
consistently detect such differences.  
Effect of infection on movement 
Across studies, infection status was found to curtail host movement capacity, with infected 
hosts tending to have poorer physical endurance (Bradley and Altizer 2005, Kocan et al. 2006), 
have slower movement speeds (Bradley and Altizer 2005), and move shorter distances 
(Sjöberg et al. 2009, Altizer et al. 2015).  Infection intensity was also associated with negative 
effects on movement, although sample sizes were too small to be conclusive.  Reduced 
movement is a common sickness behaviour, and may facilitate a more rapid recovery from 
acute infection by reducing energy expenditure (Hart 1988). However, the cost-benefit trade-
offs for such behaviours are dependent on ecological context (Adelman and Martin 2009), 
and such movement effects may not manifest during non-stressful periods (e.g. van Dijk et al. 
2015, Bengtsson et al. 2016).   This may explain the particularly high heterogeneity (i.e. 
variance in true effects, as opposed to sampling variance) in the model that predicted host 
movement response to infection status (I2 = 64%; Table 3b), which suggests the effect of 
infection on host movement may be subject to context. Critically, however, the majority of 
studies assessed here measured movement outside of the migratory period.  Given the 
physiological demands of active migration, it remains to be seen whether the negative effects 
of infection reported during sedentary periods remain, or are increased, during periods of 
active migration.  Although the specific conditions under which such effects manifest are still 
unclear, evidence from a number of taxonomic groups suggests that movement behaviour of 
migrants can be compromised whilst infected, which has the potential to reduce pathogen 
dispersal over long distances (Galsworthy et al. 2011, Bauer et al. 2016). 
 
Effect of infection on phenology 
Given that infected migrants were found to have poorer endurance and displace over shorter 
distances, we expected this to translate to altered migration phenology.  However, in contrast 
to the effects on movement capacity, infection was associated with only slight delays in the 
phenology of migratory movements (a difference of 0.17 standard deviations between 
infected and uninfected groups). The discord between the effect sizes for the movement and 
phenology traits may be partly explained by the strong association in the literature between 
certain host-parasite systems and certain performance traits (see Figure S8 for distribution of 
parasite types and host taxa across traits). For example, studies assessing phenology are 
primarily based on avian blood parasite systems, whereas those assessing movement capacity 
have focused on avian influenza viruses in birds, as well as parasitized fish and monarch 
butterflies. This provides little opportunity to compare different performance traits within the 
same infection systems.  In addition, avian blood parasites may be distinct from other 
pathogens in that they often result in chronic, life-long infections of low intensity, and these 
infections are often symptomless once the host survives the initial acute infection (Zehtindjiev 
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et al. 2008).  The impact of these low-level chronic infections may differ substantially from 
both acute infections and intense life-long infections (such as the protozoan parasite 
Ophryocystis elektroscirrha infecting Monarch butterflies).  This is supported by our finding 
that increased infection intensity was associated with a significant negative effect on host 
phenology where data was available (Fig. 4). Critically, although our results suggest that 
chronic infections may have a minor, yet significant, negative effect on phenology, this may 
be an underestimate of the true effect given the scope and design of current studies. 
Effect of infection on survival 
Infected migrants tended to have lower survival probability compared to those that were 
uninfected, although effect sizes were again quite small.  These estimates appear relatively 
robust, with a number of large-scale studies reporting significant, albeit relatively small 
effects of experimental removal of parasites prior to migration on annual survival (Brown et 
al. 1995, Krkošek et al. 2013, Souchay et al. 2013). Observational studies found similarly mild 
or non-existent effects of infection during active migration on annual survival (Hostetter et al. 
2011, Maxted et al. 2012), providing only limited evidence for migratory culling.  This is 
reflected by the very low heterogeneity in the model that predicts the effect of infection 
status on host survival (I2 = ~0%), supporting consistent and robust effect sizes across studies 
and host taxa. Overall, this suggests that hosts may survive chronic or short-term infections 
over their migrations, particularly if hosts have evolved some degree of pathogen tolerance 
(Medzhitov et al. 2012), including reduced movement behaviour. However, such short-term 
(within-season) tolerance may be at the expense of long-term fitness, with the strongest 
negative effect of infection on migrants reported to date being the reduced lifespan of great 
reed warblers (Acrocephalus arundinaceus) chronically infected with avian malaria (Asghar et 
al. 2015).  This long-term study suggests that chronic infection may cause a series of within-
season effects, so small as to be undetectable, that nevertheless accumulate and eventually 
impair lifetime fitness.  Importantly, the small effects of infection on survival reported here 
do not preclude the probability of mortality being higher for novel or high intensity infections 
encountered during migration (in which case infected individuals may be culled before they 
are included in a study). However, our results do suggest that if an individual survives initial 
infection, then annual survival may not be substantially reduced.   
Study strengths, limitations, and requirements for future work 
This study provides an important foundation for improving our understanding of how 
parasites affect migratory hosts. However, we concede that there are many variables that 
could influence the effect of infection on migratory performance that we were not able to 
consider.  The limited number of observations across a range of host-parasite systems means 
that many factors, such as parasite type, host species, and migratory strategy, as well as 
various aspects of study design, could not be controlled for as effectively as we would have 
wished. Nevertheless, the effect size estimates reported here are robust to changes in model 
structure (e.g. modelling traits together or separately, or using capped or uncapped sample-
error variances), suggesting that given the available data, the results are reliable.   
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Several key questions remain outstanding in our understanding of how parasites affect animal 
migrations.  Notably, there is very little understanding of how infections affect hosts during 
the migratory period – which is of paramount importance for our understanding of pathogen 
transmission. Finer-scale data on movements of individuals over the course of migration are 
needed in order to reliably evaluate this, requiring large-scale tracking studies gathering 
repeated, longitudinal data for individuals with a known infection history.  Importantly, 
because it is often impossible to know exactly when infection took place, experimental studies 
may be needed to reduce this uncertainty (Beldomenico and Begon 2010).  Infection intensity 
is also a critical component that need to be more specifically considered in future studies. This 
meta-analysis provides evidence that intensity may be important when assessing the effect 
of infection on host migration performance traits, although the strength of the relationships 
between host susceptibility, infection intensity, and migration performance remains unclear. 
Critically, although immune function has been demonstrated to shift over the course of the 
migratory cycle (Buehler et al. 2008, Hegemann et al. 2012), it is still uncertain how this relates 
to an individual’s infection history and how it manifests in terms of susceptibility to infection 
and transmission potential (Fritzsche McKay and Hoye 2016, van Dijk and Matson 2016).  In 
addition, the scope of host-parasite systems under study needs to be considerably expanded. 
Strikingly, there is little research on the impact of infections on migratory mammals (although 
this is increasing, e.g. Mijele et al. 2016, Mysterud et al. 2016), despite the renowned 
migrations of mammals such as ungulates and whales, and evidence for the transmission of 
zoonotic pathogens by migratory bats (Leroy et al. 2009, Ogawa et al. 2015).  Lastly, 
considering our results here, future studies addressing these questions should ensure 
statistical power to detect small effect sizes (e.g. power analyses for complex models; Johnson 
et al. 2015). Studies with insufficient sample sizes are likely to either not detect or 
misrepresent true patterns, obscuring overarching ecological mechanisms.  Ultimately, it will 
be critical to assess the consequences of any measured effects in terms of both parasite 
transmission and host population dynamics, as even small effect sizes may have profound 
ecological effects (Asghar et al. 2015, Bauer et al. 2016). 
CONCLUSIONS 
This meta-analysis provides evidence for moderate negative effect of infection status on host 
movement, and weaker negative effects on host phenology and survival, which may have 
implications for the extent to which migratory separation and migratory culling act to limit 
parasite dispersal. Critically, such effects are still likely to have important implications for 
parasite dispersal, limiting (but not precluding) the potential for migrants to disperse 
parasites long distances, even when long term impacts on phenology and survival are small.  
We also show that infection intensity may be important in determining this relationship 
between infection and host migration performance. However, this meta-analysis also 
highlights several gaps in our collective understanding of the impact of infection on animal 
migrations. Future studies redressing these gaps are sorely needed to fully comprehend how 
migrants alter pathogen transmission and dispersal globally. 
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Gut microbiota of a long-distance migrant demonstrates 
resistance against environmental microbe incursions 
ABSTRACT 
Migratory animals encounter suites of novel microbes as they move between disparate sites 
during their migrations, and are frequently implicated in the global spread of pathogens.  
Although wild animals have been shown to source a proportion of their gut microbiota from 
their environment, the susceptibility of migrants to enteric infections as they move between 
sites may be dependent upon the capacity of their gut microbiota to resist incorporating 
encountered microbes. To evaluate migrants’ susceptibility to microbial invasion, we 
determined the extent of microbial sourcing from the foraging environment, and examined 
how this influenced gut microbiota dynamics over time and space in a migratory shorebird, 
the Red-necked stint. Contrary to previous studies on wild, non-migratory hosts, we found 
that stint on their non-breeding grounds obtained very little of their microbiota from their 
environment, with most individuals sourcing only 0.1% of gut microbes from foraging 
sediment. This microbial resistance was reflected at the population level by only weak 
compositional differences between stint flocks occupying ecologically-distinct sites, and by 
our finding that stint that had recently migrated 10,000 km did not differ in diversity or 
taxonomy from those that had inhabited the same site for a full year. However, recent 
migrants had much greater abundances of the genus Corynebacterium, suggesting a potential 
inflammatory response to either migration or exposure to a novel environment. We conclude 
that the gut microbiota of stint is largely resistant to invasion from ingested microbes, and 
that this may have implications for their susceptibility to enteric infections during migration. 
INTRODUCTION 
The vast communities of microorganisms that make up the gastrointestinal ('gut') microbiota 
of animals are fundamental to host metabolism, nutrient acquisition, and immune function 
(Khosravi & Mazmanian 2013; Thaiss et al. 2016; Turnbaugh et al. 2006). The ecological 
dynamics of this microbial community may be particularly important for migratory animals, 
because migrants face exceptional metabolic, nutritional, and immunological challenges as 
they traverse the globe during their migrations (Altizer et al. 2011; Wikelski et al. 2003). 
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Notably, migrants are thought to encounter and ingest novel suites of microbes, including 
parasites and potential pathogens, as they forage at disparate locations along their migratory 
routes (Figuerola & Green 2000; Leung & Koprivnikar 2016).  This increased risk of infection, 
in combination with their high mobility, has raised concerns that migratory animals may be 
of particular importance in the global transmission and dispersal of pathogenic microbes 
(Altizer et al. 2011; Waldenström et al. 2002).  Critically, the risk of migrants dispersing enteric 
pathogens is, in part, dependent on the extent to which they incorporate and maintain novel 
microbes encountered at each location in their gut microbiota. 
The susceptibility of hosts to enteric infection is linked to the capacity of their gut microbiota 
to resist invasion by foreign microbes  ('colonization resistance'; Van der Waaij et al. 1971).  
This resilience may be achieved either via niche competition between native and foreign 
microbes, or by commensal bacteria actively inducing host immune responses when under 
invasion (Kamada et al. 2013; Round & Mazmanian 2009).  Although young animals, including 
migratory shorebirds, have been shown to establish their gut microbiota at birth or hatching 
by incorporating microbes from their immediate environment (Brooks et al. 2014; 
Dominguez-Bello et al. 2010; Grond 2017), once established the healthy microbiota of 
humans and captive animals is generally associated with high levels of stability (Benskin et al. 
2010; Caporaso et al. 2011; Wu et al. 2011). However, the microbiota may not be resilient to 
change when continually exposed to new bacterial assemblages. For example, microbes from 
soil sediment can successfully colonise and persist in the guts of germ-free mice, even 
outcompeting gut specialists (Seedorf et al. 2014). Moreover, laboratory rats challenged with 
the microbiota of other individuals develop a microbiota that is more diverse and resembles 
that of donor rats (Manichanh et al. 2010).  Indeed, fully-grown wild hosts have been shown 
to source a significant number of microbes from their environment, with wild woodrats and 
anole lizards estimated to source up to 25% and 47% of their gut microbiota community from 
ingested plant food, respectively (Kohl et al. 2016; Kohl & Dearing 2014). Whether such high 
levels of microbial sourcing from the environment is characteristic of all wild hosts, including 
those with migratory lifestyles, is unknown. However, if wild migrants have similar levels of 
environmental sourcing, then migratory hosts may increase their susceptibility to enteric 
infection through the continual incorporation of novel microbes ingested as they forage at 
multiple sites en route.  
Understanding the mechanisms that drive gut microbiota composition in wild hosts is critical 
to understanding their susceptibility to enteric infections. This is particularly challenging for 
migratory animals, because migrants undergo simultaneous changes in geography, diet, and 
physiology, all of which may influence gut microbiota composition (David et al. 2014; 
Turnbaugh et al. 2006; Yatsunenko et al. 2012). Migratory birds have been shown to 
experience shifts in their gut microbiota composition over time, both during migration (Lewis 
et al. 2016), and over the breeding season (Kreisinger et al. 2017). However, the mechanisms 
behind these changes remain unclear. Whether they are driven by physiological requirements 
(e.g. a sudden physiological shift from sustained exercise to rapid mass gain in the case of 
36 
 
refuelling migrants, or changes to reproductive hormones during breeding), shifts in diet, or 
represent the incorporation of novel microbes, is unknown, despite important implications 
for host susceptibility.  Although laboratory based studies on wild hosts may help untangle 
these interactions, such studies may not truly reflect mechanisms acting in the wild. For 
example, bacterial sharing between gut and host environment decreased significantly in wild 
woodrats moved into captivity (25% to 6%; Kohl & Dearing 2014), highlighting the need for 
studies that elucidate microbiota dynamics and mechanisms in natural ecosystems (Amato 
2013; Hird 2017).   
In this study, we aimed to assess the invasion resistance of a long-distance migrant, the Red-
necked stint (Calidris ruficollis; Figure 1), to ingested environmental microbes whilst 
controlling for host habitat and physiology.  We achieved this by firstly determining the extent 
to which stint on their non-breeding grounds sourced microbes from their immediate foraging 
environment,  and secondly by examining whether this translated into altered gut microbiota 
community structures across sites and over time.  Importantly, the Red-necked stint provides 
an especially rare and insightful model species to investigate these questions for three 
reasons. Firstly, like many shorebird species, young birds remain on the non-breeding grounds 
for 1.5 years following their first migration from their natal sites in Siberia. This allows 
comparisons between birds that have remained 'resident' on the non-breeding grounds for a 
full year (at this point 'second year' individuals that are 15 months old) and those that had 
recently migrated from Siberia, via multiple locations (those three or more years old), 
providing two conspecific groups that share diet and environment, but differ in how recently 
they completed a long distance, multi-stopover migration.  Secondly, stint forage for prey by 
sifting through coastal sediment and biofilm with their bills, with sediment and biofilm making 
up the major component of the diet and stomach contents of closely related, and ecologically 
similar, Calidris species (Kuwae et al. 2008; Lourenço et al. 2017; Mathot et al. 2010). This 
creates direct and ongoing exposure to sediment microbiota. Thirdly, stint are site faithful, 
and make limited movements during the non-breeding seasons, often remaining on the same 
foraging site within the same flock for the entire season (Rogers et al. 2010). This not only 
provides opportunities to monitor the same individuals over time, but also provides 
reasonable certainty of foraging areas and movement patterns over the season.  
Given this study system, if the gut microbiota of stint is not resistant to invasion from 
environmental microbes, then a series of predictions can be made. Firstly, we predicted that 
individuals will source a similar proportion of their gut microbiota from their immediate 
foraging sediment to that found in previous studies of other wild hosts (30-50%). This would 
be reflected in distinct gut microbiota community structures between flocks occupying 
different sites. Secondly, we predicted that newly arrived migrants that had recently been 
exposed to novel suites of microbes during migration (adults) would have a phylogenetically 
distinct, and more diverse gut microbiota from resident second year birds that had inhabited 
the site for a full year. Thirdly, the microbiota of newly arrived migrants should, through 
ongoing exposure to the same local microbes and other members of the flock, become more 
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similar to that of resident birds with increasing time spent at the non-breeding site.  
Collectively, these analyses allow us to assess how resistant the gut microbiota of migratory 
stint are to invasion from novel environmental microbes during their non-breeding season. 
 
 
Figure 1) Red-necked stint (Calidris ruficollis) feeding on biofilm, with (inset) its migration 
route. Photo provided by Danny Rogers. 
METHODS 
Sample collection 
Red-necked stint from two non-breeding populations were captured using cannon nets in 
Victoria, Australia. One  population occupied a coastal beach site, Flinders (-38°48 S, 145°00 
E), and was sampled at three time points during the non-breeding season (September 2015 – 
April 2016) in order to assess temporal changes in gut microbiota communities.  Twelve out 
of a total of 71 individuals were recaptured at least once over the season (see below). Firstly, 
a single flock of recent migrants (3+ years old) and resident second years (15 months old) 
were captured on the 20th September (n = 29). Given that adult stint arrive at this site over 
the course of mid- to late- September, recent migrants captured on this day would have 
completed their post-breeding migration 1 - 14 days prior to capture.  Although age 
differences exist between the two groups, it is extremely unlikely that this would be the cause 
38 
 
of differences in microbiota community structure. Age is an important factor determining gut 
microbiota composition when young, with chicks having different gut microbiota to adult 
birds in penguins, kittiwakes and barn swallows (Barbosa et al. 2016; Kreisinger et al. 2017; 
van Dongen et al. 2013). However, poultry studies suggest that gut microbiota structure 
resembles that of adults within 0.5 - 3 months after hatching (Oakley et al. 2014; Ranjitkar et 
al. 2016), and studies of two wild migratory shorebird species, Dunlin and Red phalarope, 
suggest that microbiota diversity stabilizes in 3-10 days old chicks (Grond 2017).  On this basis, 
and given that both our resident and migrant groups consist of fully-grown birds that have 
completed at least one Siberia-to-Australia migration,  we do not believe that differences in 
gut microbiota should exist between second year birds at 15 months old and birds that are 3+ 
years old due to age per se.  The population was then targeted  on the 23rd January (n = 13), 
and again prior to the pre-breeding migration, on the 11th March (n = 18).  At this point in 
their moult cycle adults and second year birds could not be distinguished on the basis of their 
plumage, although juveniles (birds hatched in the 2015 breeding season, and which arrived 
on the site October-November, after the first September catch) were still distinguishable. 
However, using recapture history of banded birds we were able to distinguish between adults 
and second year birds for 61% of the individuals at this point in time. As a comparison site, a 
second population inhabiting the Werribee Western Treatment Plant (WTP; -37°99 S, 144°61 
E), a sewage treatment works characterized by lagoons and estuaries, was also sampled.  Birds 
were captured during two capture events on the 28th December 2015 (n = 25).  Stint are site-
faithful on the non-breeding grounds, with little connectivity between the sites: of 9,856 
recaptures of the same individual stint across the wider region of our study site over the last 
30 years, only 146 individuals (1.5%) were recaptured at a different site to where they were 
first caught (Rogers et al. 2010). 
Cloacal swabs were taken from stints using sterile swabs (Copan 170KS01), placed in sterile 
plastic tubes without medium, and kept refrigerated for 3 - 5 hours before being stored at -
80°C. Differences in bacterial composition resulting from storage conditions generally do not 
eclipse differences between samples (Dominianni et al. 2014; Lauber et al. 2010), therefore 
we assume differences in refrigeration time had minimal effect on our results. Environmental 
samples of mud or sand from where birds had been observed foraging were collected at each 
capture site immediately after each capture event, and handled in the same manner as the 
cloacal swabs. Six environmental samples from each site were pooled into two DNA samples 
(2 x 3) per site, because we deemed small-scale spatial variation within the foraging areas 
were not relevant to our study. 
DNA isolation, amplification and sequencing 
DNA was isolated using the phenol-chloroform method (Green et al. 2012). Briefly, swabs 
were suspended individually in 400 μl cetrimonium bromide (CTAB) with 50 μl of proteinase 
K and 60 μl of 10% sodium dodecyl sulfate (SDS). This solution was briefly vortexed and 
incubated overnight at 56 °C. The next day, 50 μl of 5M NaCl and 500 μl of phenol was added 
to each solution, briefly vortexed and left at room temperature for 10 minutes. From here, 
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DNA isolation and ethanol precipitation followed standard procedures outlined in Green et 
al. (2012). DNA was extracted from four sterile swabs as negative controls to correct for 
contaminants (Salter et al. 2014).  DNA samples were sent to the Ramaciotti Centre for 
Genomics, Sydney, for amplification using paired 27F/519R primers that amplify a 500bp V1-
V3 region of the 16S rRNA bacterial gene, and amplicons were then sequenced using Illumina 
MiSeq technology (Caporaso et al. 2012; full protocol for these primers available at 
www.bioplatforms.com). A mock community provided by Zybiotics was included as a positive 
control in order to assess exact sequencing error rate. In addition, two technical replicates 
were included as an additional data quality check. 
Sequence processing 
Paired sequences were joined using UPARSE pipeline (Edgar 2013), and quality filtered using 
USEARCH's maximum expected error method. Sequences were aligned and filtered in mothur 
following their standard operating procedure (MiSeq SOP; Kozich et al. 2013; accessed 
December 2016).  We pre-clustered 2,066,515 unique sequences to allow four base pair 
differences, resulting in 703,453 unique sequences. Chimeras were identified using the 
UCHIME algorithm (Edgar et al. 2011), and 209,094 (29%) unique sequences were removed 
from the dataset. Sequences were grouped into operational taxonomic units (OTUs) based on 
a 97% similarity threshold. Taxonomic classification was performed using the SILVA taxonomy 
(v123.1; Pruesse et al. 2007) trimmed to the alignment space of the amplicons (Werner et al. 
2012). OTUs that were identified as mitochondria, eukaryotic (including chloroplast) or 
archaeal were removed from the data set. This created a total output of just under 4 million 
sequences. Analysis of the mock community found an average sequencing error rate of 0.2%. 
This is slightly higher than normal, and may explain the high proportion of singleton OTUs 
found in the final dataset, with 90% of 77,000 OTUs being represented by a single sequence 
(with a 'normal' proportion being between 5 - 40%, depending on sample types). Inspection 
of the technical repeats indicated that these singletons were likely due to sequencing error. 
We controlled for this error by excluding OTUs represented by 10 sequences or fewer to 
ensure sequencing error did not bias results. This excluded only 2% of total sequences. To 
ensure data quality, we also reran sequence processing with stricter quality control using a 
50bp sliding window within mothur to discard reads that drop below Q25, which did not 
change analytical results. Rarefaction curves for the OTU table used for the study (i.e. 
excluding OTUs with total abundance of 10 or less) showed that almost all OTUs were 
detectable by 5000 reads (Fig. S1).  Sequences classified to the genus Corynebacterium (see 
results) were extracted from the main data set and further analysed by oligotyping, using the 
minimum entropy decomposition pipeline (version 2.1) to reveal fine-scale diversity within 
the genus (Eren et al. 2014), to assess whether the increased abundances observed were 
representative of a single or multiple strains. 
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Data analysis 
Analysis of OTU communities was conducted using the Phyloseq (McMurdie & Holmes 2013) 
and vegan (Oksanen et al. 2007) packages in R. The negative control contained forty OTUs 
represented by at least 5 sequences, and these OTUs were removed from the dataset. A single 
sample with under 7000 reads was excluded, and all remaining samples were rarefied to 9795 
reads (the minimum read count) for further analyses. Because rarefied data can lead to false 
positives (McMurdie & Holmes 2014), we repeated analyses without rarefying samples with 
no difference to overall results or conclusions. We applied MDS and NMDS ordinations and 
conducted PERMANOVA tests (Anderson 2001) to statistically test for differences between 
groups. Methods for accounting for repeated samples from the same individual in ordination 
analyses are not currently available. To make sure repeat samples did not affect results we 
reiterated analyses randomly excluding repeats, which did not affect overall results. Because 
primary components in the MDS analyses generally explained little variance, we present 
results from the NMDS ordination. We present both Bray-Curtis (based on abundance of 
OTUs) and unweighted Unifrac (based on evolutionary distance between OTUs; Hamady et 
al. 2010), distance measures.  Unifrac distances were calculated using a 16S alignment with 
SILVA. To identify which particular groups of bacteria were different between groups, we ran 
the analysis through LEFse, hosted by the Huttenhower galaxy server 
(https://huttenhower.sph.harvard.edu/galaxy). We analysed bacterial richness by calculating 
both observed OTU richness and the Shannon diversity index. When comparing bacterial 
diversity between the three capture events within the Flinders population, we applied a 
mixed effect regression model with stint ID as a random effect to account for repeated 
measures.  
We estimated the proportion of OTUs sourced from sediment samples using a Bayesian 
approach within SourceTracker (Knights et al. 2011).  This approach uses the relative 
abundance of each OTU within both the sediment and each host to calculate the probability 
that each OTU found in the host gut was sourced from the sediment microbiota. Thereby it 
provides an estimate for the proportion of OTUs sourced from local sediment.  For this 
analysis, we excluded any OTU which was represented by a single sequence in the control 
sample, because analyses suggested that 3% of OTUs present in our samples were sourced 
from laboratory contamination, despite being present at extremely low abundances (and 
therefore not affecting previous community composition analyses). Therefore, we note that 
previous studies that did not account for contamination may have inflated levels of OTU 
sourcing. We repeated this analysis between all groups, and in both directions, to estimate 
common sources between groups (see Fig. 5a). However, one bird was excluded from these 
analyses because it was estimated to source 27% of its gut microbiota from the environment, 
whilst the median was 0.1% (see Fig. 2b). We therefore could not rule out that this was due 
to environmental contamination of this sample. Because the sediment microbiota of the two 
sites differed (see results), we carried out analyses within SourceTracker for each site 
separately.  For birds at Flinders, we compared birds to sediment samples collected during 
41 
 
the March capture only. Although microbial profiles of sediment may change to certain extent 
over time, there was no difference in levels of OTU sourcing from sediment between birds 
captured in September, January or March, indicating that this should not affect results.  
RESULTS 
A total of 2275 operational taxonomic units (OTUs) were identified from 85 cloacal samples 
from 71 individual stint, with 10 individuals from Flinders beach sampled twice over the non-
breeding season, and two individuals sampled at all three time points. The majority of these 
OTUs had very low prevalence within the sampled stint population (Fig. S2). Only 12 OTUs 
(0.5% of the total OTUs derived from bird samples) made up the sampled population's 'core' 
microbiota (defined here as the suite of OTUs that occur in over 80% of samples; Table 1), 
whilst 85% of OTUs were present in less than 5% of birds. On average, the core microbiota 
made up 40 ± 23 (s.d.) % of the total microbial abundance for each individual, with the 
remainder being largely OTUs that were unique to the individual. Across stint samples, the 
most abundant bacterial phyla were Proteobacteria (33%), Fusobacteria (17%), Firmicutes 
(14%), Actinobacteria (11%), and Bacteroidetes (9%).  Environmental samples taken from 
foraging sediment at each site showed a less diverse microbial community at the phylum 
level, consisting of mostly Proteobacteria and Bacteroidetes (Fig. 2a), but each sample 
contained a much richer suite of OTUs than present within the individual stints (Fig. 2b).  Both 
non-breeding sites displayed a distinct sediment microbial profile, which was also distinct 
from the overall stint gut microbiota (Fig. 2c), with the most abundant OTUs for each site not 
overlapping with each other (Table 2). 
Microbial sourcing from sediment across sites 
Bayesian analysis with SourceTracker estimated only 1.7% of sediment OTUs at each site 
shared a common source (Fig. 3a). However, stint did not source a significant proportion of 
their gut microbiota from their environment, with an average of 0.16 % (± 0.6 SD) and 0.4 % 
(± 1.4 SD) of gut microbiota estimated to be sourced from sediment for flocks occupying the 
Flinders and WTP non-breeding sites, respectively (Fig. 3b). Stint were estimated to share 
slightly more OTUs with their own foraging site than the alternative foraging site (Fig. 3a), but 
these differences were not significant (t = 1.22, p = 0.23).  This low incorporation of sediment 
bacteria was reflected by the two flocks occupying different sites differing only weakly (but 
significantly) in their gut microbiota composition (Fig. 4a; PERMANOVA test applying Bray 
Curtis distance matrix, which emphasises differences in abundance: R2 = 0.02, p = 0.04; 
Unifrac distance matrix, which takes into account phylogeny but only considers 
presence/absence rather than abundance: R2 = 0.05, p = 0.001, n = 85).   
The weak differences in gut microbiota between the two flocks were attributed to a number 
of bacterial groups being slightly more prevalent in birds at the water treatment plant than 
birds at Flinders beach, including bacteria belonging to phylum Chloroflexi, family 
Succinivibrionaceae (phylum Proteobacteria), genera Streptococcus (phylum Firmicutes) and 
Salinimicrobium (phylum Bacterioidetes; Fig. 4b; Fig. S3 for abundance plots of each bacterial 
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group). However, with the exception of three Chloroflexi OTUs that were found at very low 
abundances in one stint each, none of the strains that showed higher prevalence in birds 
occupying the water treatment plant were present in environmental samples.    
Despite the low levels of microbial sourcing from the environment, birds inhabiting the water 
treatment plant tended to have a richer suite of OTUs that those occupying Flinders beach 
(Observed richness: Flinders mean = 80.9 ± 32.6 s.d.; WTP mean = 142.5 ± 99.9 s.d.;  t = 3.0, p 
= 0.006; Shannon index: t = 2.3, p = 0.03; Fig. 4c), although overall composition at the phyla 
level between populations was very similar (Fig. 4d). 
Differences between recently arrived migrants and resident birds 
At the start of the non-breeding season at Flinders beach, the composition of the gut 
microbiota of stint that had just returned from migration was distinct from second-year 
individuals that had inhabited the site for a full year (Fig. 5a; PERMANOVA test based on Bray 
Curtis distances; R2 = 0.10, p = 0.01, n = 29).   However, this difference disappeared when 
using unweighted unifrac distances (PERMANOVA test; R2 = 0.04, p = 0.14). Together, these 
results indicate that at the start of the non-breeding season the microbiota of both recent 
migrants and residents consists of phylogenetically similar communities but with marked 
differences in abundance. These differences primarily resulted from much higher abundances 
of Actinobacteria in recent migrants (Fig. 5b), particularly strains of the genus 
Corynebacterium (Fig. 5c), and in particular just one OTU that was present in 13 of the 15 
migrants in high abundances (average relative abundance of 23%), yet in only six of 14 
residents at extremely low abundance (average relative abundance of less than 1%; Fig. S4).  
Oligotyping of the whole genus suggested that the majority of these sequences belonged to 
just one bacterial strain, although the strains found in the two migrants with the highest 
abundances of Corynebacterium were assigned to a different group (Fig. S5). In addition, 
residents had higher relative abundances of Flavobacteriaceae and Mollicutes (Kruskal-Wallis 
test: p < 0.05; Fig. 4c; Fig. S4). These differences were not obviously linked to condition, with 
both recent migrants and residents having similar body mass (t = 1.04, p = 0.31, n = 29). 
However, contrary to our predictions, migrants did not have a more diverse suite of gut 
bacteria in comparison to residents (Fig. 5d; migrants = 86.6 ± 37.4 s.d.; residents = 88.7 ± 
36.0 s.d.; t = 0.14, p = 0.88).  This was reflected by similar levels of OTU sourcing from the 
environment between recent migrants and residents in September (Fig. 5e), suggesting that 
length of time spent at the site did not influence OTU sourcing from foraging sediment. 
Changes over the non-breeding season 
The gut microbiota of stint shifted weakly (but significantly) over the non-breeding season 
(Fig. 6a; PERMANOVA test applying unifrac: R2 = 0.07, p = 0.001; Bray curtis; R2 = 0.07, p = 
0.001; n = 59).  Over time, the relative abundance of Actinobacteria declined across the 
population, and was at negligible levels by March (Fig. 6b). This was mostly attributed to a 
decrease in the abundance of the order Corynebacteriales in recent migrants over the season 
(Fig. 6b; Fig. S6 for plots across individuals), as well as an increase in Fusobacteria in some 
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individuals (genus Cetobacterium; Fig. 6b; S6).  Both migrants and residents shifted their 
microbiota substantially over the season (Fig. 6a; Fig. S7 for stacked barplot showing changes 
in composition at the phyla level per individual). Observed richness did not differ significantly 
between months, with individuals both increasing and decreasing over time (Fig. 7; Mixed 
effect regression model: September baseline estimate = 78.4 ± 4.4; January =  -6.3 ± 6.9, p = 
0.38; March = 11.7 ± 8.3, p = 0.19).   
Table 1) Prevalence, mean relative abundance and classification (phylum and genera) of the 
12 most prevalent OTUs (> 80%) found across 71 Red-necked stint samples (n = 85). This 'core' 
set of OTUs made up 41% of the total abundance of the stint microbiota 
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Table 2) The ten most abundant OTUs and their taxonomy found in sediment samples at each 
site. The ten OTUs make up a total of 25% and 18% of total abundance for Flinders and WTO, 
respectively. No OTUs overlap between sites, despite similar classification. 
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Figure 2) Comparison of Red-necked stint gut microbiota (n = 85) and environmental soil 
samples collected at foraging areas at each site (n = 4). Each environmental sample consists 
of three pooled soil samples. a) Relative abundance of each phylum within stint and soil 
samples; b) number of OTUs identified per sample (circles = individual stint, triangles = 
sediment); c) a non-metric multidimensional scaling plot (applying a Unifrac distance matrix) 
for all samples, coloured by sample type (black = Flinders, grey = WTP; circles = individual 
stint, triangles = sediment). 
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Figure 3a) Levels of OTU sourcing (mean and standard deviation) between individual Red-
necked stint and foraging sediment at Flinders beach (n = 58) and Western Treatment Plant 
(WTP; sewage treatment plant; n = 25), estimated within a Bayesian framework in 
SourceTracker. One bird from WTP was excluded in this analysis due to having unusually high 
levels of OTU souring with sediment (34%; see Fig. 2b) which may be the result of 
environmental contamination; b) boxplot of OTU sourcing estimated per stint at each site 
(Flinders n = 59, WTP n = 25; note log scale on y-axis).  
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Figure 4) Differences in gut microbiota composition across two populations of Red-necked 
stint occupying ecologically-distinct sites; a) Distribution of gut microbiota across individual 
stint, coded by site, as a function of a non-metric multidimensional scaling (NMDS) ordination 
based on Bray-Curtis distances (k = 2, stress = 0.22; green = WTP, red = Flinders); b) Cladogram 
to the genus level showing groups of bacteria that are significantly more common at each 
site; c) OTU richness measures at each site; d) overall relative abundance of the most common 
bacterial phyla across stint at each site. Rare phyla representing less than 1% total abundance 
are excluded for clarity. 
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Figure 5) Differences in gut microbiota composition of migrant and resident Red-necked stint 
at the beach site (Flinders) in September, sampled at the same time; a) Distribution of gut 
microbiota profiles across individual stint, coded by migration status, as a function of a non-
metric multidimensional scaling ordination using a Bray-Curtis distance matrix (k = 2, stress = 
0.18); b) Overall relative abundance of the most common bacterial phyla within recently 
arrived migrants and resident individuals, showing higher abundance of Actinobacteria in 
migrants; c) Cladogram to the genus level showing groups of bacteria that are significantly 
more common in each group; d) Average OTU richness per group; and e) Percent of OTUs 
sourced from local foraging sediment, estimated using SourceTracker. 
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Figure 6) Changes in microbiota composition and richness over the non-breeding season for 
Red-necked stint occupying the beach site (Flinders); a) Distribution of gut microbiota, coded 
by migratory status and month, as a function of a non-metric multidimensional scaling 
(NMDS) ordination using a Bray-Curtis distance matrix (k = 2, stress = 0.23).  Arrows connect 
individuals recaptured over the season; and b) Cladogram to the genus level showing bacterial 
groups that signficiantly differ in relative abundance between September and March. 
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Figure 7) Observed bacterial richness in Red-necked stint captured at the beach site (Flinders) 
over the non-breeding season (red = migrant, green = resident, yellow = juvenile, grey = 
unknown age).  Dashed lines connect individual birds recaptured over the season. 
 
 
DISCUSSION 
This study aimed to understand the susceptibility of the gut microbiota of migrants to 
sediment microbes by determining the extent of microbial sourcing from the environment, 
and examining the effect of environmental sourcing on gut microbiota dynamics over time 
and space in the long-distance migrant, the Red-necked stint.  Contrary to our predictions, we 
found very little sourcing of microbes from the local foraging sediment (<0.1%), which is much 
lower than previous studies of wild hosts. Correspondingly, we found only very weak 
differences between stint flocks occupying separate sites with distinct environmental 
microbial profiles. We found no difference in taxonomic composition or diversity of the gut 
microbiota between stint that had recently migrated and those that had remained resident 
at the site for a full year, suggesting migrants had not incorporated sediment microbes into 
their gut during their migration.  However, recent migrants had much higher abundances of 
the genus Corynebacterium on arrival compared to residents, and this group of bacteria 
decreased in abundance within individuals over the non-breeding season.  Over this same 
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period, the gut microbiota of both migrants and residents remained highly diverse, with 
individuals experiencing large fluctuations in the composition of gut microbiota.  
We predicted that if migratory shorebirds incorporate environmental microbes into their gut 
during foraging, then stints on their non-breeding grounds should source a proportion of their 
gut bacteria from their foraging sediment. However, we found that stints were able to largely 
resist the incorporation of sediment microorganisms, despite high exposure through their 
feeding behaviour.  This is in contrast to other studies that found relatively high levels of OTU 
sourcing (up to 45%) between the gut microbiota of resident species, including wild anoles 
and woodrats, and their ingested natural food (Kohl et al. 2016; Kohl & Dearing 2014), 
although it is unknown whether hosts sourced these microbes as adults or juveniles.  It is also 
in contrast to studies of migratory shorebird chicks on the breeding grounds, which have been 
shown to share nearly 40% of their gut bacteria with their environment between zero and ten 
days old (Grond 2017).  This suggests that once the gut microbiota is established from 
environmental sources, it is relatively resistant to further invasion once the migratory host is 
fully grown.  
High invasion resistance in stint may provide an explanation for why flocks inhabiting 
ecologically-distinct sites differed only weakly in their gut microbiota, with site explaining 
approximately 4% of variation in microbiota.  This is considerably less than seen in studies of 
largely sedentary species, with geographic site explaining an average of 30 – 70 % in allopatric 
populations of Black howler monkeys (Amato et al. 2013), Red colobus monkeys (McCord et 
al. 2014), and Galapagos land and marine iguanas  (Lankau et al. 2012).  In contrast, 
differences in the gut microbiota of the migratory Greater white-fronted goose inhabiting two 
lakes in China during the non-breeding season found that only 2% of variation was explained 
by site (Yang et al. 2016). Similarly small but significant differences were found between 
nearby colonies of migratory Barn swallows (Kreisinger et al. 2017), which aligns closely with 
our findings in Red-necked stint.  In light of our findings of minimal uptake of environmental 
microbiota, and previous work suggesting that the environment experienced during infancy 
has lasting effects on the gut microbiota into adulthood (Goedert et al. 2014; Thompson et 
al. 2008), this difference in site-specific effects between migratory (small effects of site) and 
sedentary species (large effects of site) may in part be a legacy effect of the disparate natal 
sites of migratory individuals on their non-breeding (Finch et al. 2015; Fraser et al. 2012).   
Although inter-population differences in diet are often shown or assumed to be the primary 
reason for differences in the gut microbiota between host populations of the same species 
(Amato et al. 2016; Amato et al. 2013; Degnan et al. 2012; McCord et al. 2014), we suggest 
that host movement ecology should also be considered more explicitly in future studies.  
High invasion resistance may also explain why recent migrants had similar gut microbiota 
communities to resident second year birds that had remained at the site for a full year. 
Although stint may have arrived at the non-breeding site at Flinders up to two weeks prior to 
being sampled, potentially allowing enough time for rapid changes to the microbiota to have 
taken place before sampling, our results suggest that such changes were not driven by the 
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incorporation of novel microbes. This was supported by both migrants and residents having 
similarly low levels of OTU sourcing from their environment (Fig. 3b). However, migrants 
notably differed in the abundances of some groups of bacteria, particularly the genus 
Corynebacterium. The role of Corynebacterium within the gut microbiota is not well studied. 
However, increased abundances of Corynebacterium have been associated with chronic 
inflammation of the nasal sinus (Abreu et al. 2012; Wagner Mackenzie et al. 2016), induced 
inflammation of the gut (Ribière et al. 2016), and viral infection in pandas (Zhao et al. 2017), 
collectively indicating these bacteria may be associated with inflammatory immune 
responses.  Moreover, Rooks et al. (2014) found that abundances of Corynebacterium in the 
gut of mice increase in response to an experimental dose of TFN-α (a pro-inflammatory 
cytokine), suggesting that an immune response can trigger an increase in this bacterial genus.  
Considering almost all recently arrived migrants had a remarkably high abundance of the 
same OTU, this may indicate either a physiological change related to migration or an intestinal 
immune response, rather than an opportunistic infection. This is generally supported by the 
fact that recently arrived migrants did not display signs of intestinal disease, with both body 
mass and gut microbial diversity maintained at a similar level to resident birds, although 
infections have variable effects on species diversity within the gut (e.g. de Vos & de Vos 2012; 
Moeller et al. 2013; Newbold et al. 2016; Zhao et al. 2017). Therefore, although we found 
significant differences in the composition of gut microbiota between recent migrants and 
resident individuals, the causal mechanisms behind these differences cannot be fully 
elucidated in this study.  Considering the importance of the gut microbiota in mediating host 
immune responses (Belkaid & Hand 2014), expanding our understanding of the interactions 
between the gut microbiota, pathogenic infection, and host immune function in migrants will 
be critical to fully understand the susceptibility and transmission potential of migrants.  
Finally, we found only weak shifts in gut microbiota composition within the flock over the 
non-breeding season, and individual stints underwent large, seemingly random, fluctuations 
in their gut microbiota composition and diversity, demonstrating a remarkably variable 
microbiota within individuals even during sedentary periods. Such dramatic shifts have also 
been found in other wild species such as anolis lizards (Ren et al. 2016) and baboons (Ren et 
al. 2015), suggesting microbial fluctuations in community composition, potentially in 
response to short-term shifts in host diet or physiology, may be the norm in wild animals, 
independent of being sedentary or migratory. However, our findings suggest these changes 
are likely to be due to short-term shifts in diet or physiology, rather than exposure to altered 
environmental microbiota. 
CONCLUSIONS 
Overall, our results indicate that although the gut microbiota of Red-necked stint is subject to 
fluctuations, it is relatively resistant to invasion from ingested environmental microbes, in 
contrast to other studies on wild (non-migratory) hosts. Further research is required to assess 
whether this high resistance is characteristic of migratory hosts more generally, as well as 
understand the relationship between invasion susceptibility and infection risk. However, we 
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suggest the high resistance to environmental microbes found in stint are likely to have 
implications for the susceptibility of migratory hosts to infection  as they visit novel locations 
during their migrations. 
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Active migration is associated with specific and consistent 
changes to gut microbiota in Calidris shorebirds 
ABSTRACT 
Gut microbes are increasingly recognised for their role in regulating an animal’s metabolism 
and immunity. However, identifying repeatable associations between host physiological 
processes and their gut microbiota has proved challenging, in part because microbial 
communities often respond stochastically to host physiological stress (e.g. fasting, forced 
exercise or infection). Migratory birds provide a valuable system in which to test host-microbe 
interactions under physiological extremes because these hosts are adapted to predictable 
metabolic and immunological challenges as they undergo seasonal migrations, including 
temporary gut atrophy during long-distance flights.  These physiological challenges may either 
temporarily disrupt gut microbial ecosystems, or, alternatively, promote predictable host-
microbe associations during migration. To determine the relationship between migration and 
gut microbiota, we compared gut microbiota composition between migrating and non-
migrating (‘resident’) conspecific shorebirds sharing a flock. We performed this across two 
sandpiper species, Calidris ferruginea and Calidris ruficollis, in north-western Australia, and 
an additional C. ruficollis population 3000 km away in southern Australia. We found that 
migrants consistently had higher abundances of the bacterial genus Corynebacterium 
(average 28% abundance) compared to conspecific residents (average < 1% abundance), with 
this effect holding across both species and sites.  However, other than this specific association, 
community structure and diversity was  almost identical between migrants and residents, 
with migration status accounting for only 1% of gut community variation when excluding 
Corynebacterium. Our findings suggest a consistent relationship between Corynebacterium 
and Calidris shorebirds during migration, with further research required to identify causal 
mechanisms behind the association, and to elucidate functionality to the host.  However, 
outside this specific association, migrating shorebirds broadly maintained gut community 
structure, which may allow them to quickly recover gut function after a migratory flight. This 
study provides a rare example of a repeatable and specific response of the gut microbiota to 
a major physiological challenge across two species and two distant populations. 
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INTRODUCTION 
Interactions between animals and their gut microbiota play an integral role in regulating host 
physiological processes, including metabolism (Tremaroli & Bäckhed 2012) and immune 
function (Round & Mazmanian 2009; Sommer & Bäckhed 2013a). Yet despite our increasing 
understanding of these interactions, detecting consistent associations between the gut 
microbiota and host physiology has proved challenging. Across vertebrates, both individuals 
and species appear to demonstrate diverse microbial responses to experimental physiological 
stressors such as food deprivation, infection, and forced exercise (e.g. de Vos & de Vos 2012; 
Kohl et al. 2014; Allen et al. 2015; Lambert et al. 2015), with consistent and repeatable host-
microbe associations being rare. This has been attributed to hosts losing the ability to regulate 
their gut microbiota when under physiological stress, generating stochastic microbial 
responses to the same set of stressors (Zaneveld, McMinds & Vega 2017).  
However, species that are adapted to predictable physiological challenges may provide 
valuable study systems in which to investigate adaptive host-microbe interactions. For 
example, hibernating bears and ground squirrels undergo highly specific and consistent 
changes in gut microbiota composition between summer, when they must deposit body 
stores, and winter, when they must conserve energy during hibernation (Carey, Walters & 
Knight 2013; Dill‐McFarland et al. 2014; Sommer et al. 2016). These changes in gut microbiota 
trigger the accumulation of body fat in summer (Sommer et al. 2016), and are linked to 
decreased levels of inflammation during hibernation (Dill‐McFarland et al. 2014) when 
metabolism is greatly reduced (Carey, Andrews & Martin 2003). Migratory animals face 
comparable seasonal physiological challenges to hibernators, but provide a contrasting study 
system whereby hosts gain body stores extremely rapidly in order to perform extended bouts 
of exercise, with both phases requiring very high metabolic rates (Wikelski et al. 2003).  
However, responses of the gut microbiota to migration, and whether these are comparable 
to those found in hibernators, remain unknown. 
Out of all migratory species, shorebirds perform some of the longest and fastest migrations 
ever recorded (Gill et al. 2009), posing specific physiological challenges for migrant nutrition, 
metabolism and immunity (Wikelski et al. 2003; Buehler & Piersma 2008; Weber 2009). For 
example, migrants must regain body stores quickly after completing a migratory leg, during 
which they can lose up to 50% of their body mass (Piersma, Gudmundsson & Lilliendahl 1999). 
Moreover, partial atrophy of the gastrointestinal tract during long-distance flights is common, 
both for shorebirds and passerines (Piersma & Gill Jr 1998; McWilliams & Karasov 2001).  Such 
extreme physiological challenges may alter host-microbe interactions to generate shifts in gut 
microbiota composition during active migration in comparison to non-migratory periods. For 
example, migrants may form predictable associations with specific bacterial assemblages 
during active migration, such as those that increase energy harvest from food (e.g. Bäckhed 
et al. 2004; Caesar et al. 2012). Alternatively, migrants may maintain broad gut community 
structure, similar to that of non-migratory periods, in order to preserve critical gut functions, 
such as nutrient metabolism and pathogen resistance, as they move between sites during 
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migration.  This may benefit the host because a resilient gut microbial community decreases 
host susceptibility to infection by excluding pathogens via niche competition, whereby 
commensal bacteria outcompete potential pathogens (Kamada et al. 2013; Sommer et al. 
2017).  On the other hand, the extreme physiological challenges faced by migrating shorebirds 
may feasibly disrupt gut microbial ecosystems, potentially leading to stochastic and 
unpredictable alterations in the gut microbiota during active migration. 
Although a small number of studies have assessed gut microbial composition in migrating 
birds, the absence of conspecific non-migrating controls has not allowed for the identification 
of migration-specific gut microbiota profiles (e.g. Grond et al. 2014; Lewis, Moore & Wang 
2016). In order to identify gut microbes associated with migration whilst controlling for 
potential confounding variables (e.g. diet or location), actively migrating individuals should 
ideally be compared to non-migrating (‘resident’) conspecifics inhabiting the same site at the 
same time, yet examples of such study systems are rare. 
In this study we aimed to identify gut microbiota profiles associated with active migration in 
two closely related long-distance migratory Calidris shorebirds, the Red-necked stint (Calidris 
ruficollis) and the Curlew sandpiper (Calidris ferruginea). Long-distance migratory shorebirds 
provide an especially rare and insightful system to investigate these questions because 
individuals remain on the non-breeding grounds for 1.5 years following their first migration 
from their natal sites in Siberia. This allows comparisons between birds that have remained 
‘resident' on the non-breeding grounds for a full year (at this point 15 months old) and those 
that have just arrived after a long-distance migratory leg, providing two conspecific groups 
that share the same flock, diet and environment, but differ in migratory physiology.  
We compared individuals that had recently arrived at a globally important migratory fuelling 
site in northern Western Australia to conspecifics that had remained in the area for a full year. 
We repeated this comparison for Red-necked stint at a site over 3000 km away on the south 
coast of Australia, where stint had recently arrived to their final non-breeding site, providing 
three migrant-resident comparison groups across two species and two sites.   
Our analyses focused on exploring three hypotheses that assume distinct major drivers of gut 
microbiota diversity and composition. Firstly, if migrants form predictable associations with 
the gut microbiota, we would predict repeated differences in specific bacterial taxa between 
migrants and residents across the three migrant-resident comparison groups. Secondly, if 
migrants benefit from maintaining gut function and pathogen resistance, migrating 
individuals may be expected to maintain similar community structure and species diversity to 
residents. Thirdly, if the physiological challenges posed by migration negatively affect gut 
microbe ecosystem dynamics, then migrants may display reduced species diversity and 
evidence of ecosystem dysregulation, whereby opportunistic bacterial taxa outcompete 
typical community members (Sommer et al. 2017).   
To test these hypotheses, we assessed how migrants and residents differ with respect to 
specific bacterial taxa, community-wide differences in abundance and phylogeny, and species 
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diversity. Collectively, these analyses allowed us to elucidate the relationship between the 
gut microbiota and long-distance migration in shorebirds. 
METHODS 
Sample collection 
Microbiota samples were collected across three migrant-resident conspecific comparison 
groups: 1) Curlew sandpiper in NW Western Australia (12 migrants and 6 residents); 2) Red-
necked stint in NW Western Australia (13 migrants and 16 residents); and 3) Red-necked stint 
in SE Victoria (15 migrants and 15 residents). All migrants were adults (i.e. just completed 
their second or more southward migration), and all residents were ‘overwintering’ second 
year birds (i.e. had completed their first southward migration a year previously). The sex of 
the birds was unknown, although sex differences in gut microbiota of birds is thought to be 
absent or minimal (Kreisinger et al. 2015). Red-necked stint and Curlew sandpiper were 
captured using cannon nets at an internationally important migratory fuelling site in Broome, 
Western Australia (17°97 S, 122°32 E), during two capture events on 22nd and 29th August 
2015.  Birds captured on the 22nd were largely resident second years of both species, because 
at that point migrating adults had not yet arrived at the site from post-breeding migration. 
Birds captured a week later were a mix of newly arrived migrants that had arrived within a 
few days of capture, and resident second year individuals. Red-necked stint were also 
captured during one capture event on 20th September 2015 at a coastal beach site in Victoria 
(38°48 S, 145°00 E), 3000 km south east of Broome. Both study sites consisted of tidal beach 
habitat. Given that adult stint arrive at the Victorian site over the course of mid- to late- 
September, recent migrants captured at this site would have completed their post-breeding 
migration 1 - 14 days prior to capture. These birds may therefore have had a longer period of 
time between completing a migratory leg and being sampled in comparison to birds captured 
in Broome, which were captured within 1-3 days of arrival.  Although age differences exist 
between the two groups, it is unlikely that this would be the cause of differences in microbiota 
community structure. Age is an important factor determining gut microbiota composition 
when young, with chicks having different gut microbiota to adult birds in penguins, kittiwakes 
and barn swallows (van Dongen et al. 2013; Barbosa et al. 2016; Kreisinger et al. 2017). 
However, poultry studies suggest that gut microbiota structure resembles that of adults 
within 0.5 - 3 months after hatching (Oakley et al. 2014; Ranjitkar et al. 2016), and studies of 
two wild migratory shorebird species, Dunlin (Calidris alpina) and Red phalarope (Phalaropus 
fulicarius), suggest that microbiota diversity stabilizes in 3-10 days old chicks (Grond 2017).  
On this basis, and given that both our resident and migrant groups consist of fully-grown birds 
that have completed at least one Siberia-to-Australia migration, we do not believe that 
differences in gut microbiota should exist between second year birds at 15 months old and 
birds that are 3+ years old due to age per se.  
In Broome, cloacal samples were taken from stints using sterile swabs (Copan 170KS01), 
placed in sterile plastic tubes without medium, and kept refrigerated for 3 - 5 hours before 
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being stored at -20°C. After one week, they were transported from the field facility to a 
laboratory where they were stored at -80°C. Cloacal samples collected in Victoria were 
treated in the same manner but stored at -80°C directly after 3-5 hours refrigeration. 
Differences in bacterial composition resulting from storage conditions have been shown to 
not eclipse differences between samples, even when left at ambient temperatures for two 
weeks (Lauber et al. 2010; Dominianni et al. 2014; Song et al. 2016). Therefore we assumed 
that differences in time spent at -20°C had minimal effect on bacterial composition of our 
samples. Moreover, our analyses focused on comparisons made between samples treated 
identically and treatment of samples is therefore not expected to impact our conclusions. 
DNA isolation, amplification and sequencing 
DNA was isolated using a phenol-chloroform method and washed in ethanol (Green et al. 
2012). DNA samples were sent to the Ramaciotti Centre for Genomics, Sydney, for 
amplification using paired 27F/519R primers that amplify a 500bp V1-V3 region of the 16S 
rRNA bacterial gene, and amplicons were then sequenced using Illumina MiSeq technology 
(Caporaso et al. 2012; full protocol for these primers available at www.bioplatforms.com). 
Two technical replicates within each plate, as well as two technical replicates between plates, 
were included as an additional data quality check. 
Sequence processing 
Paired sequences for 77 bird samples and two negative controls were joined, aligned and 
filtered in mothur version 1.39.1 following their standard operating procedure (MiSeq SOP; 
Kozich et al. 2013; accessed April 2017).  Chimeras were identified using the UCHIME 
algorithm (Edgar et al. 2011) and were removed from the dataset. Sequences were grouped 
into operational taxonomic units (OTUs) based on a 97% similarity threshold. Taxonomic 
classification was performed using the SILVA taxonomy (v123.1; Pruesse et al. 2007) trimmed 
to the alignment space of the amplicons (Werner et al. 2012). OTUs that were identified as 
mitochondrial or eukaryotic (including chloroplast) were removed from the data set. Archaeal 
sequences were also removed, because they are not well represented by non-specific primers 
(Baker, Smith & Cowan 2003). Representative OTU sequences were aligned to the SILVA 
reference within mothur, then a maximum likelihood tree was inferred using FastTree (v2.1; 
Price, Dehal & Arkin 2009) and used to calculate UniFrac distances. Sequences belonging to 
abundant OTUs (outlined in Table S2) that were not classified to genus within Mothur were 
aligned using the SINA web aligner (Pruesse, Peplies & Glöckner 2012) and then imported into 
the SILVA non-redundant, small subunit database release 128 using the ARB software package 
(Ludwig et al. 2004). Amplicon sequences were masked using the ssu_ref:bacteria column 
filter and inserted into the tree using the ARB Parsimony method. From 23 common OTUs 
that were not originally classified to the genus level, 21 OTUs were placed into well-defined 
genus-level clades which was inferred as the final taxonomy of the OTU. Sequences were 
assigned reference genes within PICRUSt (Langille et al. 2013) to predict functionality. 
However, only 35-45% of sequences were matched to a reference genome (when applying 97 
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and 95% similarity, respectively). Moreover, key sequences belonging to Corynebacterium 
(see results) were not assigned reference genomes, and therefore we deemed this analysis 
to have limited meaning and we do not present its results here. 
Count data processing 
We retained only OTUs represented by over 10 sequences (97% of all sequences), because 
examination of technical repeats suggested rare OTUs were likely to be due to error rather 
than rare bacterial strains. Removal of rare OTUs reduces error whilst maintaining statistical 
power (Allen et al. 2016). The negative controls contained 97 OTUs represented by at least 5 
sequences, and these OTUs were removed from the dataset to reduce any effect of 
contamination. To identify OTUs that were differentially abundant in migrants and residents, 
we rlog transformed raw count data in DESeq2 package (Love, Huber & Anders 2014). This 
procedure allowed us to assess fold differences in OTUs whilst accounting for variation in 
library size between samples. For all other analyses, count data were rarefied to the minimum 
read count (5815; random seed = 3). This reduced the total number of OTUs from 5262 to 
4406. Because rarefied data can lead to false positives (McMurdie & Holmes 2014), we 
repeated these analyses without rarefying samples, but no differences in overall results or 
conclusions were observed, and we therefore present results from rarefied data.  
Data analysis 
We analysed bacterial communities in three ways. 1) To identify which OTUs significantly 
differed in abundance between migrants and residents, we fitted negative binomial 
generalized linear models to each of the three comparison groups separately (using the rlog 
transformed data), with migration status set as the test group, using the DESeq function in 
the DESeq2 package. We present only OTUs that differed significantly between groups 
(adjusted p value < 0.01);  2) To examine community-wide differences in phylogeny and 
abundance we applied MDS and NMDS ordinations to rarefied count data, and conducted 
PERMANOVA tests (Anderson 2001) to statistically test for differences between groups. 
Because primary components in the MDS analyses generally explained little variance, we 
present results from the NMDS ordination. We present results based on both Bray-Curtis 
(based on abundance of OTUs) and unweighted Unifrac (based on evolutionary distance 
between OTUs; Hamady, Lozupone & Knight 2010), distance measures. 3) We analysed 
community diversity by calculating both observed OTU richness and the Shannon diversity 
index, which takes into account species abundance (i.e. the evenness of species’ abundances) 
and penalizes highly uneven distributions. All analyses were conducted using the DESeq2, 
Phyloseq (McMurdie & Holmes 2013) and vegan (Oksanen et al. 2007) packages in R. 
RESULTS 
High-throughput amplicon sequencing from 77 biological samples yielded a total of 2,556,822 
good quality sequences. After rarefying, a total of  4406 operational taxonomic units (OTUs) 
were identified from cloacal samples of eighteen Curlew sandpipers (12 migrants and 6 
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residents) and twenty nine Red-necked stints (13 migrants and 16 residents) sampled in NW 
Western Australia and 30 Red-necked stints (15 migrants and 15 residents) from SE Victoria. 
The majority of OTUs had low prevalence (mean prevalence = 4.6%) when pooled across all 
birds (Fig. S1). 
Differences in specific bacteria taxa 
Across the three comparison groups, migrants consistently displayed higher abundances of 
Actinobacteria than residents (Fig. 1a). This difference was primarily comprised of OTUs 
within the family Corynebacteriaceae (Fig. 1b) and specifically the genus Corynebacterium 
(see Table S2 for most abundant OTUs per group), which made up an average of 28% of the 
microbiota of migrants and less than 1% in residents across all birds. One OTU in particular 
was abundant in migrants across both species and both sites (OTU13; Table S2). A total of 38 
OTUs differed significantly (adjusted p < 0.01) between migrants and residents (Fig. 2; see 
Table S3 for OTU list and statistics).  Across both species and sites, Corynebacterium OTUs had 
5 – 25-fold increases in migrants compared to residents. In contrast, there was less 
consistency across residents, with a much broader range of OTUs being more common in this 
group. Resident curlew sandpipers had the largest range of significantly inflated OTUs, in 
particular those belonging to Firmicutes, such as Lachnospiraceae, Ruminococcaceae, and 
Peptostreptococcaceae (Fig. 2). Red-necked stint in Victoria, which may have had the longest 
interval between arrival and sampling, demonstrated the fewest differences between 
migrants and residents. 
Differences in phylogeny and abundance 
Across species, sites and migration status, all individuals had relatively similar and overlapping 
gut microbial communities (Fig. 3a). However, all three factors significantly predicted weak 
effects on Bray-Curtis distances (based on abundance of OTUs) in a multivariate PERMANOVA 
model (migration status: F77,1  = 3.5, R2 = 0.04, p < 0.001, Fig. 3b; species: F77,1  = 2.8, R2 = 0.03, 
p < 0.001; site: F77,1 = 3.4, R2 = 0.04, p < 0.001). When applying a Unifrac distance matrix (based 
on evolutionary distance between OTUs), differences in community composition were less 
pronounced for migration status and species, but similar for site (migration status: F77,1  = 2.3, 
R2 = 0.03, p < 0.001; species: F77,1  = 2.2, R2 = 0.03, p < 0.001; site: F77,1  = 3.4, R2 = 0.04, p < 
0.001; Fig. S4 for ordination plot). If taxa belonging to Corynebacteriaceae were excluded, 
weak differences between migrants and residents still remained, whilst controlling for species 
and site (Bray-Curtis: F77,1  = 1.5, R2 = 0.02, p = 0.04; Unifrac: F77,1  = 2.3, R2 = 0.03, p < 0.001). 
Differences in species diversity 
For birds staging in NW Australia, there was a tendency for migrants to have fewer OTUs 
compared to resident conspecifics (Curlew sandpiper: migrants = 152 ± 57 s.d., residents = 
212 ± 62 s.d, t18,1 = 2.2, p = 0.05; Red-necked stint: migrants = 179 ± 53 s.d., residents = 218 ± 
64 s.d., t30,1  = 1.8, p = 0.09; Fig. 3c). There was, however, no difference in Shannon diversity 
indices, indicating differences are attributable to fewer rare species in migrants (Fig. 3d). For 
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Red-necked stint in SE Victoria there was no difference in either measure of diversity between 
migrants and residents (Red-necked stint: migrants = 143 ± 62 s.d., residents = 140 ± 62 s.d., 
t30,1 = 1.8, p = 0.88). 
 
 
Figure 1) Bacterial composition of migrant and resident Curlew sandpiper in Broome (top 
panel), Red-necked stint in Broome (middle panel) and Red-necked stint in Victoria (bottom 
panel).  Bacterial taxonomy is grouped by a) phylum and b) family. For clarity, only bacterial 
families that made up more than 5% of total abundance (35 out of 285) are assigned colours. 
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Figure 2) Fold changes for OTUs (circles) that significantly differed between migrants and 
residents for a) Curlew sandpiper in Broome, b) Red-necked stint in Broome, and c) Red-
necked stint in Victoria. OTUs below the dashed line are more abundant in migrants, whilst 
those above are more abundant in residents. OTUs are grouped by family, coloured by phyla, 
and sized by mean relative abundance across samples.  
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Figure 3a) Non-multidimensional scaling (NMDS) plot based on Bray Curtis distances, 
calculated for shorebird gut microbiota communities across all individuals, coded by 
migratory status, site and species (CS = Curlew sandpiper, RNS = Red-necked stint); b) 
Subsetted NMDS plots for Curlew sandpiper in Broome (top), Red-necked stint in Broome 
(middle), and Red-necked stint in Victoria (bottom); c) observed richness and d) Shannon 
index calculated for migrant and resident individuals for each group (M = migrants, R = 
residents). 
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DISCUSSION 
Long-distance migratory birds have evolved numerous physiological adaptations that enable 
them to perform some of the longest and fastest migrations found within the animal kingdom 
(Piersma et al. 2005; Hedenström 2008).  Identifying whether these adaptations encompass 
alterations to the gut microbiota offers unique insights into the relationship between hosts 
and their microbes under specific physiological challenges. We found that Calidris shorebirds 
that had just completed a long-distance migratory leg had considerably higher abundances of 
bacterial taxa belonging to the genus Corynebacterium in comparison to conspecifics that had 
occupied the same site for a whole year (Fig. 1). This effect was consistent across three 
migrant-resident comparison groups that spanned two shorebird species and two distant 
sites. No other repeated differences in specific bacterial taxa were found between migrants 
and residents across comparison groups, suggesting the majority of bacterial taxa were not 
affected by migration. This was reflected by only weak community-wide differences between 
migrants and residents, with migration accounting for only 2-4% of total variation with 
respect to both bacterial abundance and phylogeny.  
The consistency and specificity of the link between migration and Corynebacterium may 
indicate an adaptive association between Calidris shorebirds and this bacterial genus, 
although causality and functionality of this relationship remains to be tested.  This association 
is likely to be temporary, with another study finding Corynebacterium decreased over the 
non-breeding season for Red-necked stint sampled over time (Risely et al. 2017). Functional 
interactions between animals and their gut microbiota are highly complex, and our current 
understanding of such interactions are largely based on human or mouse models (Tremaroli 
& Bäckhed 2012; Sommer & Bäckhed 2013b). However, a powerful study on the relationship 
between gut microbiota and hibernation experimentally demonstrated functional links 
between these microbial changes and seasonal host fat deposition (Sommer et al. 2016).  
Correspondingly, Corynebacterium may conceivably be involved in functional host-microbe 
interactions that enable migrating shorebirds to maximise fat deposition and/or energy 
harvest during migration. Such mechanisms are proposed to be triggered by bacterial 
endotoxins (produced by gram-negative bacteria) or exotoxins (produced by some gram-
positive bacteria), which lead to host inflammatory responses that increase host energy 
harvest and fat deposition (Tremaroli & Bäckhed 2012; Zhao 2013; Boulangé et al. 2016). 
These mechanisms have been experimentally demonstrated by increased fat deposition in 
mice inoculated with pathogenic gram-negative bacteria or their associated endotoxins (Cani 
et al. 2007; Schertzer et al. 2011; Fei & Zhao 2013). Such associations may potentially explain 
the unusually high abundances of pathogen-associated bacteria in migrating birds, such as 
Corynebacterium (this study), Campylobacter in American shorebird species (Grond et al. 
2014), and Escherichia and Paracoccus in passerines (Lewis, Moore & Wang 2016).  
In addition to functional interactions between migrants and their gut microbes, gut microbial 
composition is also influenced by short-term changes to host diet, physiology, and 
environment (Candela et al. 2012; David et al. 2014; Carmody et al. 2015). Differences in 
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composition between migrant and resident conspecifics may therefore also stem from the 
presumably distinct range of diets and habitats experienced by migrants in the days or weeks 
prior to sampling, as well as to physiological effects of exercise and gut atrophy experienced 
during migration. Although the specificity and repeatability of increased abundances of 
Corynebacterium in migrants suggest a shared physiological response to migration, other 
weak differences in bacterial abundance and phylogeny still remained when this genus was 
excluded from analyses. These may reflect differences in recent diet between migrants and 
residents, and may explain some of the other group-specific differences found, such as 
increased Firmicutes taxa in resident Curlew sandpiper. Differences may also reflect the 
incorporation of distinct bacterial taxa from the environment during migration. However, 
migratory shorebirds have been shown to be relatively resistant to microbial invasions from 
the environment (Risely et al. 2017), suggesting differences in recent diet may potentially 
explain some of the small amount of remaining variation in gut microbiota composition 
between migrants and residents. 
Migrating shorebirds maintained similar community diversity to resident conspecifics, 
although they tended to have fewer rare species.  The broad maintenance of gut community 
structure despite the considerable physiological challenges faced by long-distance migrants 
is noteworthy. Blood flow to the gut is reduced during long-distance migratory flights, causing 
partial atrophy of the gut and cessation of digestion (Piersma 1998; Battley et al. 2000; 
McWilliams & Karasov 2001). Such dramatic physiological changes may be expected to disrupt 
gut function and potentially facilitate the invasion of opportunistic species (Khosravi & 
Mazmanian 2013).  In this light, Corynebacterium may be interpreted to behave like an 
opportunistic pathogen: dominating an ecosystem under stress. Indeed, this genus comprises 
an unusually high proportion of opportunistic pathogens due to cellular properties similar to 
gram-negative bacteria (Burkovski 2013).  However, if ecological disruption promotes 
invasion from opportunists, then considering the vast variation within and amongst 
individuals, one would expect a range of opportunistic strains to dominate, yet this was not 
the case. 
CONCLUSIONS 
This study provides a rare example of a consistent and highly specific response of the gut 
microbiota to a host physiological challenge, suggesting a consistent interaction between 
Corynebacterium bacteria and Calidris shorebirds during migration. The nature of this 
relationship, including functionality and causality, remains to be tested. However, the effect 
of migration on overall gut community diversity and composition was relatively small. The 
preservation of broad community structure may allow migrants to maintain gut function 
during critical stopover periods, and reduce their susceptibility to enteric infections as they 
move between sites.   
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Connecting gut microbiota composition to host ecology: 
moving from model systems to wildlife 
 
ABSTRACT 
Understanding how gut microbes influence host ecology is fundamental to identifying their 
downstream effects on host populations. Considerable heterogeneity in gut bacterial 
composition exists within wild populations, and this variation has the potential to shape 
individual fitness via the regulation of host physiology and behaviour. However, the 
underlying physiological and ecological mechanisms by which these processes occur in 
wildlife remain largely unexplored. To illustrate the potential ecological consequences of gut 
microbial heterogeneity, we distil the key processes by which 1) intrinsic traits and 
environmental factors generate heterogeneity in microbial composition across individuals; 2) 
microbial taxa regulate host physiology and behaviour; and 3) microbiota-generated 
differences in host physiology and behaviour may scale-up to affect host fitness in wildlife. 
Our review demonstrates that the physiological and behavioural consequences of host-
microbe interactions may have broad ecological consequences in wildlife. Overall, ecological 
effects appear unlikely to be associated with broad measures of gut microbiota alpha and 
beta diversity. Rather, host physiology is often driven by specific functional taxa, and these 
functional strains need to be identified by their physiological effects on the host rather than 
inferred from microbe gene content alone.  Key avenues for future research include explicit 
examination of ecological contexts in which host-microbe interactions may be particularly 
important for shaping host ecology, such as during hibernation and migration. Finally, we 
outline specific methodological recommendations aimed at increasing the power of 
ecological studies to detect downstream effects of gut microbiota compositions on host 
ecology. 
INTRODUCTION 
Differences in gut microbial communities between hosts are hypothesized to have cascading 
effects on host ecology (Macke et al. 2017), because variation in microbial composition can 
drive differences in host physiological and behavioural phenotypes in controlled settings (e.g. 
Bravo et al. 2011, Hsiao et al. 2014, Chevalier et al. 2015, Kubinak et al. 2015, Sansone et al. 
2015, Kreznar et al. 2017). The degree to which gut microbial composition contributes to 
variation in host physiology and behaviour determines its potential to influence host fitness 
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and population dynamics. However, the magnitude of such effects and their downstream 
consequences for host ecology in wild populations remain largely unknown. This is in part due 
to the ecological complexity of both gut microbial communities and their wild hosts, as well 
as the difficulty in distinguishing between direct and microbe-mediated effects of 
environment and host factors on host ecology. Together, these make the identification of 
ecologically important host-microbe associations exceptionally challenging (Hall et al. 2018). 
To overcome this complexity, it is necessary to distil the physiological and ecological 
mechanisms by which gut microbiota composition is shaped by host environment and host 
factors, and pair this with an understanding of how microbial composition can in turn 
influence host physiology, behaviour and fitness.  
Gut microbiota composition is influenced by a suite of interacting environmental and host 
factors, and therefore considerable heterogeneity in gut microbiota composition is common 
even within sympatric populations (e.g. Bolnick et al. 2014, Ren et al. 2017). Specifically, 
individuals vary in the abundances of key functional taxa that interact with the host to shape 
a suite of host phenotypes, including infection susceptibility (Villarino et al. 2016, Midani et 
al. 2018), metabolic rate (Chevalier et al. 2015, Kreznar et al. 2017), stress response (Davidson 
et al. 2018), and foraging behaviours (Wong et al. 2017).  These phenotypic differences 
between individuals may be permanent where gut microbiota composition determines long-
term phenotypes during development (e.g. Cox et al. 2014), or temporary, where within-host 
changes in gut microbiota composition drive short-term physiological traits (e.g. during 
hibernation; Sommer et al. 2016).   Given that both permanent and temporary physiological 
phenotypes have well-documented consequences for host reproduction and survival (e.g. 
Morrison et al. 2007, Burton et al. 2011),  the physiological and behavioural effects of gut 
microbiota composition have considerable potential scale up to affect individual fitness (e.g. 
Morimoto et al. 2017, Smith et al. 2017) and population dynamics in wild systems.   
In this review, we outline key mechanisms underpinning host-microbe interactions with an 
aim to demonstrate the potential for gut microbial variation across individuals to have broad 
ecological effects on populations. We then build on this understanding to provide conceptual 
and methodological guidance for future research that will facilitate the detection of 
physiological and ecological effects of variation in gut microbiota composition.  We focus on 
gut bacteria because we have a more advanced understanding of host-bacteria interactions 
than other microbial taxa such as viruses or fungi, although these groups are likely to have 
similar effects host ecology (Virgin 2014). We also focus on studies that test host-microbe 
interactions under controlled settings, because these illuminate mechanistic interactions with 
minimal confounding variables (Pascoe et al. 2017), relating these back to findings in wild 
populations wherever possible. Specifically, we summarize current knowledge on 1) whether 
host intrinsic traits and environmental factors have specific or community-wide effects on gut 
microbial composition, and identify examples of where these associations have influenced 
host phonotype; 2) the molecular mechanisms by which key microbial taxa affect measurable 
physiological and behavioural traits; and 3) how microbiota-generated differences in host 
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physiology and behaviour may scale-up to affect host reproduction and survival in wildlife 
(Figure 1). Finally, we propose a number of specific recommendations for future research that 
will advance our understanding of how host-microbe interactions affect host ecology. 
  
 
Figure 1) Intrinsic traits and environmental factors interact to shape gut microbiota 
composition, with cascading effects on host physiology, behaviour and fitness. 
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PROCESSES THAT SHAPE GUT MICROBIOTA COMPOSITION AND STRAIN ABUNDANCE 
Despite the highly dynamic nature of the gut microbiota, deconstructing how specific factors 
shape gut microbial composition is fundamental to pinpointing which host traits or 
environmental factors may be particularly influential. In particular, identifying factors that 
disproportionately affect functional microbial strains is pivotal to assessing ecological effects 
of gut microbiota composition. Below we summarize key findings on the extent to which host 
genetics, age, sex, senescence, microbial landscape, diet, infection, and antimicrobials have 
been found to influence gut microbiota composition. We focus on whether each factor acts 
on specific microbial taxa or broad microbial communities and whether effects are consistent 
across studies. We provide some key examples of where each factor has independently 
triggered physiological effects on the host, although the molecular mechanisms underpinning 
these are outlined in the next section. 
Host genetics regulates specific microbial strains but has small effects on overall community 
structure 
The gut microbiota is tightly regulated by genetically-encoded components of the host 
immune system (e.g. Toll-like receptors and IgA antibodies in vertebrates; Thaiss et al. 2016) 
and the endocrine system (Tetel et al. 2017). However, variation in host genetics within a 
population appears to be responsible for only a small component of microbial heterogeneity 
across individuals, with most variation attributed to environmental factors (Kurilshikov et al. 
2017, Rothschild et al. 2018), or within-host ecological processes (Coyte et al. 2015, Burns et 
al. 2016). The small effect of genetics on β-diversity found across studies may be due to host 
genetics tending to regulate the abundances of specific microbial taxa, rather than affecting 
large groups at the class or phyla level (e.g. Benson et al. 2010, Bonder et al. 2016, Kreznar et 
al. 2017, Nishida and Ochman 2017, Snijders et al. 2017). Abundances of these genetically-
regulated strains (e.g. Acetobacter in Drosophila, and Rikonellacea in mice and humans) can 
have some of the most prominent downstream effects on host physiological phenotype 
(McKnite et al. 2012, Chaston et al. 2016, Kreznar et al. 2017). In humans, 2-10% of microbial 
taxa are estimated to have significant heritability (Goodrich et al. 2016, Rothschild et al. 
2018), and these collectively comprise 6% of the total abundance of the microbiota 
(Rothschild et al. 2018), emphasizing that genetic variation may have only small effects on 
overall microbiota structure, yet may be particularly important for shaping host physiological 
phenotype. 
Detecting associations between host genetic variation and the gut microbiota is dependent 
on measuring the relevant regions of the host genome. Genetic variations in immune-
regulatory regions associated with immune function, e.g. Toll-like receptor genes and the 
major histocompatibility complex (MHC), appear to disproportionately influence gut 
microbiota composition compared to other genomic regions (Kubinak et al. 2015, Hall et al. 
2017, Kurilshikov et al. 2017).  Studies that assess genome-wide associations and/or kinship 
with microbiota structure have generally found much smaller effects that are often 
inconsistent across studies (Kurilshikov et al. 2017).  The limited number of wildlife studies 
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available also find weak or non-existent links between gut microbiota β-diversity and 
population genetic structure (Smith et al. 2015, Yuan et al. 2015, Kohl et al. 2017, Ren et al. 
2017), but generally do not link genotype to specific microbial taxa.   
Host sex affects small numbers of microbial taxa with mostly small effects on overall 
community structure 
An animal’s sex is associated with immune and endocrine components that in turn affect 
abundances of specific microbial taxa. Although sex has only small or non-existant effects on 
β-diversity in humans (Falony et al. 2016, Odamaki et al. 2016, Zhernakova et al. 2016, 
Fragiadakis et al. 2018), or wild populations (Menke et al. 2017, Springer et al. 2017a), sex 
does affect the abundances of some microbial taxa. For example, males and females differ in 
a small number of microbial strains in laboratory-reared drosophila (2 strains; Han et al. 
2017), and, in mice, sex-dependent strains differ between breeds (Org et al. 2016). In mice, 
these differences disappear after castration (Org et al. 2016), strongly indicating regulation of 
these microbial taxa by sex hormones.  However, sex hormones do not consistently affect the 
same microbial taxa across experiments (Yurkovetskiy et al. 2013), suggesting that taxa 
affected may not be predictable across individuals. Direct effects of sex (opposed to indirect 
effects resulting from sex-specific behaviours, e.g. Coyte et al. 2015, Amato et al. 2017) can 
be amplified during the reproductive cycle (Dietrich et al. 2018), and these sex-dependent 
strains can functionally regulate host metabolism (Koren et al. 2012) and sex hormone 
production (Menke et al. 2017).  Together, these studies suggest that host sex may affect 
abundances of a small number of microbial strains, yet whether these effects are consistent 
across individuals is still unclear. 
Host senescence associated with decrease abundances of core taxa 
Old age is associated with the ‘senescence’ of the gut microbiota, with subdominant taxa 
increasing at the expense of previously core taxa across species (Langille et al. 2014, Clark et 
al. 2015, Biagi et al. 2016, Smith et al. 2017). The number of microbial taxa associated with 
old age is generally much higher and more variable than those associated with host genetics 
and sex, and can manifest in significant community-wide changes to gut microbiota structure 
(e.g. Biagi et al. 2016, Smith et al. 2017). In humans, reductions of some core genera with old 
age are consistant across studies, yet changes to many taxa appear to be unpredicable (An et 
al. 2018). These compositional changes in old age can trigger gut inflammation (Clark et al. 
2015, Thevaranjan et al. 2017) and changes to behaviour (Smith et al. 2017), potentially due 
to the reduction of functional strains (e.g. Bifidobacteria and Lactobacilli in humans; Biagi et 
al. 2016). However, due to a scarcity of longitudinal studies, we currently know very little 
about how composition changes with old age across a host’s lifetime, let alone how any 
compositional changes may relate to host senescence in wildlife. 
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Microbial landscape strongly affects short- and long-term community membership 
The microbial landscape experienced by the host (including microbes on food, sediment, and 
other animals) is one of the most influential factors shaping an animal’s overall gut microbiota 
membership and structure (Browne et al. 2017). For example, the community of 
environmental microbes surrounding the host during development is more important than 
host immunity for predicting composition in zebrafish (Burns et al. 2017), which is consistent 
with the concept that host genetics affects only specific microbial taxa. However, whether 
microbial landscape during host development is more important for shaping gut microbiota 
composition than during host adulthood remains an unknown but fundamental question for 
both model and wild systems (Sprockett et al. 2018). In fully-grown wild animals, ingested 
microbes make up a variable proportion of gut microbiota membership (up to 80% of taxa; 
Smith et al. 2015), and predator microbiomes closely resemble that of key prey species 
(Moeller et al. 2017, Gogarten et al. 2018), yet there are exceptions where environmental 
transmission appears very low (Risely et al. 2017b). The contribution of most ingested strains 
to gut microbiota composition is probably temporary: in humans, ingested microbes tend to 
be transient residents, yet can make up a major component of the gut microbiota (Derrien 
and van Hylckama Vlieg 2015).  
A key question is the extent to which microbial transmission from the environment affects 
the abundance of key functional strains, thereby affecting functional host-microbe 
interactions. Although transient microbes may have large effects on β-diversity, if core 
functional trains are unaffected then resulting physiological affects of microbial exposure may 
be limited. However, there is evidence that the  transmission of environmental microbes can 
create alterations to host physiology, with one study demonstrating that microbes from mice 
transplanted with the gut microbiota of obese human subjects spread to other mice, 
triggering insulin resistance (Zhang et al. 2016). However, considering the microbiotas for 
obese and control transplant donors were seemingly identical, the mechanisms by which 
these effects occur remain unknown. 
Host diet generates community-level alterations that are host specific, yet that are 
characterized by changes to specific strains 
Nutritional composition of a host’s diet tends to have large effects on gut microbiota 
composition, even after accounting for transient food-borne microbes (Wu et al. 2011, Zhang 
et al. 2012, David et al. 2014).  In humans, long-term diet is strongly associated with overall 
microbiota structure (Zhang et al. 2012), and shifts in diet can generate rapid (1-2 days) 
changes in community composition and structure characterized by alterations to numerous 
strains (David et al. 2014). The identity of affected strains is generally host-specific, because 
individuals tend to harbour unique suites of microbes for diet to act upon (Sonnenburg and 
Bäckhed 2016, Pascoe et al. 2017). As such, associations between dietary components and 
microbiota composition across populations tend to be quite small in studies where individual 
host diet and microbiota have been quantified in detail (e.g. Baxter et al. 2015, Li et al. 2016a, 
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Zhernakova et al. 2016). In humans, dietary factors known to be important for composition, 
such as total fibre consumption, only explain 0.2 - 0.6% of inter-individual variation in β-
diversity across the population (Zhernakova et al. 2016), with a total explanatory power of 
approximately 6% (Wang et al. 2016). Nevertheless, a small number of strains that are 
common across hosts may have relatively consistent responses to diet (e.g. Prevotella; Gomez 
et al. 2016, Gorvitovskaia et al. 2016b, Springer et al. 2017b), and these may act as important 
biomarkers of dietary change within individuals (Gorvitovskaia et al. 2016a). In wild 
populations, seasonal shifts in microbiota composition that are assumed to be driven by 
seasonal switches in diet are also often characterized by relatively large changes in abundance 
in specific microbial taxa, rather than shifts in broad communities (e.g. Ren et al. 2017, Wu et 
al. 2017, Hicks et al. 2018).  
The weak associations between host diet and gut microbiota composition found thus far may 
result from diet acting on functional groups of microbes, rather than taxonomic groups. 
However, studies that pair shotgun metagenomics with 16S based approaches find that the 
effects of diet on gut microbiota composition correlate well between functional (based on 
gene content) and taxonomic traits (Rampelli et al. 2015, Zhernakova et al. 2016). As such, 
although functional traits of the microbiota may elucidate the mechanisms by which diet acts 
on gut microbiota composition, it is still unclear whether diet acts primarily on functional or 
taxonomic groups of microbes.  
Infection-induced changes to gut microbiota are host specific and unpredictable 
Host infection with parasites and pathogens (henceforth ‘parasites’) commonly alters gut 
microbiota composition, even when the site of infection is outside the gastrointestinal tract 
(e.g. Barbian et al. 2015, Leung et al. 2018, Yildiz et al. 2018).  Experimental infection with a 
pathogen often results in significant changes to β-diversity within infected individuals, yet 
even under these controlled conditions individual hosts often differ in their responses 
(Cantacessi et al. 2014, Vujkovic-Cvijin et al. 2015, Groves et al. 2018). In mammals, a decrease 
in Lactobacillaceae is commonly observed with infection (Vujkovic-Cvijin et al. 2015, Groves 
et al. 2018, Su et al. 2018), yet other than this association, consistent microbial responses to 
infection are rare. This is reflected in cross-sectional studies of wild populations, where 
relationships between pathogen infection and gut microbiota alpha and beta diversity exist, 
but are often weak and unpredictable (Kreisinger et al. 2015, Aivelo and Norberg 2016, 
Dietrich et al. 2018, Hird et al. 2018).  
Some of the observed variation in microbial responses to infection may be explained by the 
distinct mechanisms by which pathogens interact with the host.  Some gut pathogens 
modulate the gut microbiota directly, targeting specific members that maintain host 
immunity (Abraham et al. 2017). For other pathogens, changes to microbial composition 
appear to be indirect effects of altered immune function, rather than direct interactions 
between pathogen and microbiota (Osborne et al. 2014, Yildiz et al. 2018). Where alterations 
are an indirect effect of immune modulation, gut microbiota composition of infected 
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individuals may be more variable and unpredictable than that of uninfected individuals (e.g. 
Holm et al. 2015, Houlden et al. 2015, Li et al. 2016b, Ding et al. 2017). Incorporating host 
immune parameters into pathogen-microbiota studies may therefore uncover predictable 
associations that are currently obscured. 
Exposure to chemicals and antimicrobials reduces diversity and abundance of core 
microbial taxa 
Wild animals face increasing exposure to antibiotics, medications, and other chemicals used 
in industry via environmental contamination (Martinez 2009). Exposure to chemicals and 
antimicrobials have the potential to profoundly affect within-host communities across both 
individuals and populations (Rosenfeld 2017, Richardson et al. 2018). In clinical studies, 
exposure to antibiotics reduces both the diversity and the abundance of core microbial taxa, 
although effects vary by antibiotic type (Langdon et al. 2016, Raymann et al. 2017a), with 
some antibiotics having little effect of microbial composition (e.g. Reijnders et al. 2016). The 
dynamics of exposure are also important - limited exposure can have minimal effect on the 
long-term structure of the gut microbiota, but pulsed or continuous exposure generates 
cumulatively intensified effects on microbiota structure and hinders the capacity of the 
community to subsequently re-establish (Nobel et al. 2015). Exposure to non-antibiotic 
medication and industrial chemicals (e.g. heavy metals, pesticides, emulsifiers, plastics and 
organophosphates) can also shape gut microbiota composition via similar mechanisms (Maier 
et al. 2018). These broad-scale effects on community composition may reduce abundances of 
functional strains that have cascading effects of host physiology (Blaser 2016, but see 
Reijnders et al. 2016).  Physiological effects of antibiotics or other pollutants may be more 
pronounced if hosts are exposed during development, as the gut microbiota appears to be 
disproportionately important for shaping long-term physiological and behavioural 
phenotypes during this time window (Leclercq et al. 2017, Ruiz et al. 2017).  
GUT MICROBIOTA COMPOSITION AFFECTS HOST PATHOGEN DEFENCE, METABOLIC 
HOMEOSTASIS AND GUT-BRAIN SIGNALLING 
Gut microbes connect with host immune, neural and endocrine components either directly, 
via surface antigens (e.g. Sansone et al. 2015), or indirectly, via microbial metabolites such as 
short-chain fatty acids (SCFAs; Koh et al. 2016). These connections trigger molecular cascades 
that together regulate major host physiological functions, which we have here grouped into 
pathogen defence, metabolic homeostasis, and gut-brain signalling (Sampson and 
Mazmanian 2015, Thaiss et al. 2016). Although we consider these physiological functions 
separately, they are intimately connected by shared molecular pathways (Schroeder and 
Bäckhed 2016), and differences in composition can therefore affect all three functions 
simultaneously (Figure 1). Despite this complexity, there has been a concerted effort to 
identify the molecular mechanisms by which gut microbiota shape host physiology and 
behaviour, and we broadly outline molecular pathways that are thought to be important in 
shaping host physiology.  
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 Figure 2) Experimental manipulation of an animal’s gut microbiota is a powerful method to 
test causal associations between gut microbiota composition and host physiology, including 
pathogen defence, metabolic homeostasis, and gut-brain signalling. GF = Germ free; GM = 
Gut microbiota. 
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Pathogen defence  
Variation in composition can affect host susceptibility to both enteric and non-enteric 
infections (Figure 2; Fukuda et al. 2011, Hsiao et al. 2014, Sansone et al. 2015, Pedicord et al. 
2016, Rangan et al. 2016, Villarino et al. 2016, Midani et al. 2018). This association between 
composition and susceptibility acts via the modulation of host immune function by specific 
microbial strains (Bäumler and Sperandio 2016), and independently of host immuno-
competence (Kubinak et al. 2015). Functional microbial taxa shape host susceptibility to 
enteric pathogens by stimulating innate immunity and epithelial barrier defence, either via 
indirect SCFA/antibody signalling pathways (Fukuda et al. 2011, Wlodarska et al. 2015, Desai 
et al. 2016, Pedicord et al. 2016, Rangan et al. 2016), or by direct interactions with the host 
(Sansone et al. 2015). Specific (yet currently unidentified) members of the gut microbiota also 
orchestrate the immune response to non-enteric pathogens, such as pathogens of blood and 
the neural system (Erny et al. 2015, Villarino et al. 2016). These protective strains are 
associated with increased host production of helper T cells, B cells and antigen-specific IgG 
antibodies in vertebrates (Villarino et al. 2016), suggesting these microbial taxa increase the 
efficiency of the adaptive immune response (Honda and Littman 2016). Protective strains may 
also more broadly increase pathogen resistance by eliciting anti-inflammatory signals (e.g. via 
regulatory T cells) that dampen immune responses towards commensals, thereby 
maintaining immune homeostasis (Honda and Littman 2016).  
Metabolic homeostasis 
Key functional strains regulate host resting energy expenditure and storage (adiposity) via 
complex molecular cascades that alter gut permeability, insulin secretion and insulin 
sensitivity (Tremaroli and Bäckhed 2012). For example, abundances of Akkermansia have 
been linked to human metabolic homeostasis (Dao et al. 2015), and inoculation with this taxa 
reduces energy expenditure in mice (Chevalier et al. 2015). Abundances of specific microbial 
taxa also correlate with growth rate in piglets (Ramayo-Caldas et al. 2016), juvenile fish 
(Forberg et al. 2016), and ostriches (Videvall et al. 2018).  
The molecular mechanisms by which these microbial taxa shape host metabolism are unclear, 
yet microbe-derived lipopolysaccharides (LPS) and short-chain fatty acids (SCFAs) are 
implicated. The LPS produced by some gram-negative bacteria interact with host TLR4 and 
NOD1 receptor proteins to increase permeability of the gut wall, and activate pro-
inflammatory signalling pathways that release LPS into the blood stream, triggering increased 
insulin resistance, decreased energy expenditure, and increased adiposity (Tremaroli and 
Bäckhed 2012). However, unrelated bacteria generate structurally distinct LPS molecules that 
vary in their capacity to elicit inflammatory pathways (Vatanen et al. 2016), and therefore not 
all gram-negative bacteria elicit the same molecular cascades. Short-chain fatty acids also play 
key functional roles in regulating host energy homeostasis (Canfora et al. 2015). 
Experimentally increasing butyrate in mice leads to increased insulin sensitivity and energy 
expenditure, whilst increasing acetate promotes insulin secretion and adiposity via neural 
85 
 
signalling pathways or by interactions with G protein-coupled receptors (Canfora et al. 2015, 
Koh et al. 2016). Variation in the abundance of bacterial taxa that synthesize key SCFAs are 
therefore likely to be particularly important for maintaining metabolic homeostasis. However, 
the overall impact of SCFAs on host metabolism remains ambiguous, with SCFA levels in 
human and mice models associated with both obesity and weight loss (reviewed in Canfora 
et al. 2015), and acetate, butyrate and propionate likely generating distinct metabolic effects. 
Gut-brain signalling and behaviour 
Gut microbes synthesize and recognize neurochemicals that directly interact with the host’s 
enteric nervous system (ENS), forging a channel of communication between the gut and the 
brain (Sampson and Mazmanian 2015). As with pathogen defence and metabolic 
homeostasis, there are still large gaps in our understanding regarding the molecular 
mechanisms that underpin the relationship between the gut microbiota and the brain. 
However, alterations to gut microbiota composition can reverse or induce anxiety-like 
behaviours (Bravo et al. 2011, Buffington et al. 2016, Gacias et al. 2016, Zheng et al. 2016), 
demonstrating that composition is causally important for shaping host behaviour (Figure 2). 
Accumulating evidence points towards the gut microbiota shaping host neuroendocrine 
physiology via the activation of the host’s hypothalamic-pituitary-adrenal (HPA) axis, and 
thereby plasma corticosterone and brain serotonin levels (Tetel et al. 2017). Specific microbial 
taxa, such as Lactobacillus, Bifidobacterium and Bacteroides reduce gut inflammation and 
permeability in mouse models, thereby dampening neuroimmune molecular cascades that 
regulate corticosterone and serotonin biosynthesis (Tetel et al. 2017). This hormonal link 
underpins the relationship between the gut microbiota and a suite of HPA axis-associated 
behaviours, including cognitive memory and behaviours associated with anxiety, fear, 
sociality, and feeding (Sampson and Mazmanian 2015).  
SCALING UP TO HOST FITNESS AND POPULATION DYNAMICS 
The intimate connections between the gut microbiota and host metabolic, immune and 
neuroendocrine systems have profound, yet largely unexplored, implications for host fitness 
in wild populations. This potential is exemplified by reduced fecundity and survival in model 
invertebrates that have their gut microbiota perturbed by antibiotics (Sison-Mangus et al. 
2015, Raymann et al. 2017b). Experimental manipulation of the gut microbiota in Drosophila 
(Morimoto et al. 2017), mice (Rosshart et al. 2017) and fish (Smith et al. 2017) have 
demonstrated effects on host reproduction and/or survival. However, whether such effects 
act in wild populations is unknown.  Current evidence for microbe-mediated effects on 
reproduction and survival are limited to the effect of experimental microbiota disruption, yet, 
the makeup of an individual’s natural microbiota composition has considerable potential to 
shape host fitness via multiple mechanisms, most notably during periods where hosts face 
specific metabolic and immunological challenges (Figure 3). For example, inter-individual 
variations in pathogen resistance (e.g. Hudson et al. 1998), metabolic rate (e.g. Pettersen et 
al. 2016), and behaviour (e.g. Cole et al. 2012) have all been shown to have carry-over effects 
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on host reproduction and survival. Given that each of these physiological traits are 
mechanistically linked to a host’s microbiota, linking host fitness to variation in microbiota in 
wild populations is a pressing issue in ecology and evolution. 
 
Figure 3) Individual variation in gut microbiota composition may have cascading effects on 
reproduction and survival during ecological scenarios where hosts face specific metabolic, 
immunological and behavioural requirements. See end of chapter for figure references. 
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FUTURE DIRECTIONS  
Gut microbiomes are highly dynamic and ecologically complex, therefore identifying the 
drivers of gut microbial composition, and any downstream effects on host ecology, requires 
a robust conceptual and methodological framework (Box 1). Although a number of ecological 
studies have now investigated drivers of gut microbiota heterogeneity in wild populations, a 
paucity of studies link variations in gut microbiota composition to host physiology, behaviour, 
and fitness.  Ecological studies often overcome microbial complexity by simplifying microbiota 
structure into measures of alpha and beta diversity, yet diversity measures are unlikely to 
predict downstream effects on the host if specific functional taxa drive host physiological and 
behavioural phenotypes. Identifying microbial strains that are important to host physiological 
function will require pairing microbial composition with measures of host physiology, rather 
than solely relying on predicted function of microbial gene content alone (Rosen and Palm 
2017). Given that a large proportion of an animal’s gut microbial diversity appears to 
comprised of uncommon strains (e.g. Risely et al. 2017a), a focus on core microbial taxa or 
genera that are common across a population may facilitate ecological studies to target likely 
candidates for functional taxa. 
Identifying the ecological consequences of gut microbiota composition requires accurate 
quantification of strain abundances across individuals. Emerging techniques, such as 
metagenomics and metatranscriptomics provide relatively accurate data on strain 
abundances and also provide information on gene content and how these genes are 
expressed, respectively, yet can be prohibitively expensive. Moreover, shallow shotgun-
sequencing may not provide sufficient reads to identify undescribed strains, which may be an 
issue for wild microbiomes (Knight et al. 2018). Applying 16S amplicon data is the most 
common method for quantifying gut microbiomes in ecological studies, and current methods 
applying 16S amplicon data offer increased resolution in distinguishing strains than previous 
OTU methods (Callahan et al. 2017). However, 16S abundance data is biased by the 
amplification process, and therefore does not represent true abundance within the host 
(Jovel et al. 2016). Indeed, strain abundance does not correlate well between 16S data and 
metagenome data from the same sample (Hillmann et al. 2018). This limitation may not be 
critical if strain abundance from 16S data and metagenome data correlate well across 
individuals (Figure 4a and b), yet the extent to which this is the case is unclear. Nevertheless, 
a large study of over 1000 human subjects found that associations between gut microbiota 
composition and numerous markers of host physiology were very highly correlated between 
16S amplicon data and metagenome data (r = 0.97; Supplementary table S5; Zhernakova et 
al. 2016). Moreover, microbial load calculated from 16S data underpinned variation in 
composition between individuals and was associated with host phenotypes (Vandeputte et 
al. 2017). Therefore 16S amplicon data may be sufficient for identifying downstream effects 
on host physiology and ecology, although current best practice should be followed to ensure 
reliability (reviewed in Pollock et al. 2018), and applying microbial load rather than relative 
abundance may more accurately reflect abundance. 
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Figure 4) The reliability of 16S data for measuring downstream effects on host ecology depend 
on how well correlated strain abundances are between 16S and metagenome data across 
samples, assuming metagenome data more accurately reflect true abundances. A) Relative 
abundances of strains do not correlate well between 16S and metagenome data (see Hillmann 
et al. 2018); b) The reliability of 16S abundance data relies on how well correlated 16S and 
metagenome standardized count data are across samples. Here, strain x is not well amplified 
by 16S methods, whilst strain y is amplified inconsistently across samples. Only strain z 
accurately represents abundance variation. 
As well as appropriate quantification of strain abundance, the choice of physiological markers 
is also paramount for identifying downstream effects of microbial composition. The 
metabolome represents an intersection between the gut microbiota, host physiology and 
host diet (Koh et al. 2016), since many host physiological functions are mediated by microbial 
metabolites.  As such, measuring the metabolome may illuminate important mechanisms by 
which the gut microbiota influence host physiology. In addition, microbe-induced 
inflammatory (or anti-inflammatory) pathways interconnect pathogen defence, metabolic 
homeostasis, and gut-brain signalling (Tremaroli and Bäckhed 2012), and therefore measuring 
microbe-induced regulatory, inflammatory, or anti-inflammatory immune components (e.g. 
LPS levels, pro-inflammatory cytokines, regulatory T cells, or IgA levels) and their physiological 
consequences (e.g. serotonin, stress hormones, insulin sensitivity, and components of the 
innate and adaptive immune system) may be particularly promising avenue of research in 
wildlife.  
Ultimately, however, ecological context is critical for predicting ecological outcomes. 
Therefore a focus on spatial or temporal windows during which host-microbe interactions 
have known significance to host phenotype and fitness may be pivotal for identifying 
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functional host-microbe associations. The relationships between composition and host fitness 
may be strongest where hosts face high pathogen pressure, metabolic bottlenecks (e.g. 
during the juvenile growth period, reproduction, hibernation, migration, extreme weather or 
food scarcity; Figure 3), or specific behavioural requirements (e.g. during foraging or 
reproduction). For example, strong associations between the host and specific microbial taxa 
have been identified during migration in shorebirds (Risely et al. 2017c), and hibernation in 
bears (Sommer et al. 2016), and these differences can have causal effects on host metabolism 
(Sommer et al. 2016). The abundances of the key taxa during these metabolically intense 
periods may affect long-term fitness if some compositions confer higher efficiency for 
harvesting (or saving) energy. Similar associations may be expected over the reproductive 
cycle of animals if behaviours associated with mate finding and parental care are mediated 
by changes to the gut microbiota.  Gut microbiota composition during host development is 
hypothesized to be particularly important for shaping host physiology into adulthood, 
therefore studies that assess host-microbe interactions during host infancy and their long-
term physiological effects may be particularly enlightening.  Identifying appropriate host 
systems to test such is a major consideration. 
As with many aspects of ecological research, many of the outstanding questions linking host 
microbiota to host fitness in wildlife require longitudinal studies of recognizable individuals. 
Within these systems, experimental methods that apply either faecal transplants or antibiotic 
treatment that target varying microbial taxa will be fundamental for advancing our 
understanding of how variation in composition causally shapes host phenotype and fitness. 
Faecal transplants provide the most promising method for understanding causality, yet are 
particularly challenging because they generally require animals to be brought into captivity 
and administered over a number of consecutive days. Studies on captive or semi-captive 
animals (e.g. Leung et al. 2018) will therefore continue to be invaluable for understanding 
mechanisms, despite captivity potentially affecting the gut microbiota and its function 
(Rosshart et al. 2017). 
Finally, there is a pressing need to understand how host-microbe interactions are being 
altered by ongoing environmental perturbations. One of the most intensively researched and 
well supported concepts in ecology is that anthropogenic climate change, habitat destruction, 
and fragmentation have fundamental impacts on biodiversity and species interactions at an 
ecosystem level (e.g. Haddad et al. 2015). However, the effects of these global change 
processes on within-host communities are virtually unknown, despite the potential for these 
within-host communities to shape host fitness. The impact of human populations on global 
microbiomes more generally represents a new frontier in community ecology (Pointing et al. 
2016), with an urgent need for both cross-sectional studies over environmental gradients, 
and longitudinal studies of individuals and populations experiencing ongoing environmental 
change.  
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CONCLUDING REMARKS 
Several key mechanisms have been shown to shape gut microbiota composition in model host 
systems, and the ensuing variation in microbial composition can determine the molecular 
cascades that underpin host pathogen defence, metabolic homeostasis, and gut-brain 
signalling. The extent to which variation in host microbiota, through these mechanisms, acts 
to shape the physiology and behaviour in wild populations is currently unknown, 
demonstrating an urgent need to transfer knowledge and techniques from model systems 
into wildlife research. Understanding the fitness consequences of host-microbe interactions 
is particularly pressing at a time when ongoing environmental change may be profoundly 
altering host-microbe symbioses across ecosystems. 
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THESIS SUMMARY 
The collection of papers in this thesis together add to our understanding of host-pathogen 
and host-microbe dynamics in wildlife, and notably their ecological consequences for 
pathogen dispersal and host population dynamics. We tested the importance of a number of 
ecological processes that are thought to be significant for shaping pathogen dispersal in 
migratory animals, yet for which there was either scant or conflicted evidence. A key finding 
was that although survival rates of infected migratory vertebrates are lower than their 
uninfected counterparts, they are still relatively high, suggesting a high (long-term) tolerance 
to infection. This reduces the support for migratory culling (the process by which infected 
migrants are removed from the population) being a strong process limiting pathogen 
dispersal in vertebrate migratory systems. Since publication of this study, a large-scale 
analysis of migratory mammal systems has also reported little evidence for migratory culling 
(Teitelbaum et al. 2018). Together, these results indicate that pathogen dispersal might not 
be limited by host mortality in vertebrate systems. Nevertheless, it may still be a significant 
process in invertebrate systems such as the Monarch butterfly (Altizer et al. 2015), since in 
our study effect sizes for these butterflies were much higher than in vertebrates. However, it 
is still unclear whether sub-lethal effects of infection can act to limit dispersal. Our meta-
analysis suggests that overall host movement is hindered during infection, yet the extent to 
which this can limit pathogen transmission and dispersal still needs to be explicitly tested 
(Binning et al. 2017). 
Other key discoveries from this thesis are the limited transmission of microbes between 
migratory shorebirds and their environment, and the association between active migration 
and Corynebacterium. Both of these findings were consistent across the individuals tested, 
suggesting that they reflect predictable host-microbe interactions, at least within these 
Calidris shorebirds. The extent to which these host-microbe interactions shape host 
susceptibility is still unknown, yet our understanding of this relationship is likely to rapidly 
expand with the new era of host-microbe research (e.g. Leung et al. 2018). Elucidating how 
host-microbe-environment interactions may ultimately shape susceptibility in migratory 
animals will involve pairing information on gut microbiota with host physiology, particularly 
immune function, and pathogen load. Due to the difficulty in teasing apart cause and effect 
with respect to infection and gut microbiota dynamics, such questions can only be elucidated 
by applying an experimental framework, yet provide exciting and significant research 
opportunities in the future. 
To advance our understanding of the relationship between animal migration and pathogen 
dispersal, obtaining field data from across the different life history stages, including migration, 
is a key challenge (Daversa et al. 2017, Ricklefs et al. 2017). Despite a decade of research, it is 
still unclear whether the susceptibility of migratory animals varies across their life cycle, and 
the consequences for transmission and pathogen dispersal. The information and methods 
required to elucidate the broader relationship between animal movement and pathogen 
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spread has been reviewed recently in Daversa et al. (2017). Namely, the development of 
biologgers that track individuals of known infection status will be a critical addition to the 
toolbox, yet the major challenge is still resampling individuals. This may be facilitated in the 
future by loggers that can use indirect methods to infer infection (e.g. body temperature). 
In addition to increased sampling frequency, there is a need to develop a deeper and more 
integrated understanding of what drives some individuals to become infected and spread 
pathogens whilst others don’t (Martin et al. 2016).  Altizer et al. (2011) called for more 
research on host physiology in migratory systems, because host physiology underpins 
infection risk (e.g. Hoye et al. 2012). Notably, despite the importance of understanding 
ecoimmunology in migrants for elucidating susceptibility, research on how migration and 
other life history traits shape the immune system is still rather conflicted (Hasselquist et al. 
2007, Buehler et al. 2008, Owen and Moore 2008, Buehler et al. 2010, Hegemann et al. 2012, 
Arriero et al. 2015, Eikenaar and Hegemann 2016). This may be because commonly measured 
immune parameters may better reflect infection history (Biard et al. 2015) and resistance 
(opposed to susceptibility; Bonneaud et al. 2017) than immuno-competence. This problem 
may be overcome in the future by moving towards promising physiological parameters that 
are proposed to more faithfully reflect immuno-competence, such as mitochondrial function 
(Koch et al. 2017, Stier et al. 2017).  Critically, the gut microbiota is also now recognized as 
being a fundamental component of an animal’s immune defence system, and therefore the 
incorporation of host-microbe interactions when investigating migrant susceptibility may 
help us better understand the role of migrants in pathogen dispersal in the future. 
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SUPPLEMENTARY MATERIAL 
CHAPTER ONE 
S1)  Search query and refinement 
Query: TOPIC: (infection or parasite or parasitised or parasitized or pathogen or parasitism or 
disease* or infected) AND TOPIC: (migration or migrant or migratory) AND TOPIC: (effect* or 
impact* or fitness or perform* or behaviour or behavior or survival or condition or cost* or 
phenology or mortality or arrival or departure)  
Refined by: DOCUMENT TYPES: ( ARTICLE ) AND LANGUAGES: ( ENGLISH ) AND [excluding] RESEARCH 
AREAS: ( IMMUNOLOGY OR ORTHOPEDICS OR COMPUTER SCIENCE OR BIOCHEMISTRY MOLECULAR 
BIOLOGY OR PEDIATRICS OR ONCOLOGY OR TRANSPLANTATION OR CELL BIOLOGY OR RADIOLOGY 
NUCLEAR MEDICINE MEDICAL IMAGING OR ANATOMY MORPHOLOGY OR CARDIOVASCULAR SYSTEM 
CARDIOLOGY OR ENGINEERING OR PSYCHOLOGY OR NEUROSCIENCES NEUROLOGY OR PLANT 
SCIENCES OR NURSING OR ANTHROPOLOGY OR RESEARCH EXPERIMENTAL MEDICINE OR 
TOXICOLOGY OR MYCOLOGY OR PHARMACOLOGY PHARMACY OR DENTISTRY ORAL SURGERY 
MEDICINE OR MICROSCOPY OR SURGERY OR ANESTHESIOLOGY OR HEMATOLOGY OR GEOLOGY OR 
RHEUMATOLOGY OR FORESTRY OR PUBLIC ENVIRONMENTAL OCCUPATIONAL HEALTH OR NUTRITION 
DIETETICS OR WATER RESOURCES OR AGRICULTURE OR MEDICAL ETHICS OR GASTROENTEROLOGY 
HEPATOLOGY OR DEVELOPMENTAL BIOLOGY OR BIOMEDICAL SOCIAL SCIENCES OR ETHNIC STUDIES 
OR ALLERGY OR POLYMER SCIENCE OR GENERAL INTERNAL MEDICINE OR MATERIALS SCIENCE OR 
SPECTROSCOPY OR PATHOLOGY OR OBSTETRICS GYNECOLOGY OR PHYSICAL GEOGRAPHY OR FOOD 
SCIENCE TECHNOLOGY OR MEDICAL INFORMATICS OR MATHEMATICAL COMPUTATIONAL BIOLOGY 
OR REHABILITATION OR RESPIRATORY SYSTEM OR INTEGRATIVE COMPLEMENTARY MEDICINE OR 
OPTICS OR PSYCHIATRY OR EMERGENCY MEDICINE OR OTORHINOLARYNGOLOGY OR BUSINESS 
ECONOMICS OR BIOTECHNOLOGY APPLIED MICROBIOLOGY OR METEOROLOGY ATMOSPHERIC 
SCIENCES OR UROLOGY NEPHROLOGY OR REPRODUCTIVE BIOLOGY OR LEGAL MEDICINE OR 
ENDOCRINOLOGY METABOLISM OR MEDICAL LABORATORY TECHNOLOGY OR NUCLEAR SCIENCE 
TECHNOLOGY OR LIFE SCIENCES BIOMEDICINE OTHER TOPICS OR MATHEMATICS OR INSTRUMENTS 
INSTRUMENTATION OR HEALTH CARE SCIENCES SERVICES OR MECHANICS OR CHEMISTRY OR 
GERIATRICS GERONTOLOGY OR HISTORY PHILOSOPHY OF SCIENCE OR BIOPHYSICS OR PHYSICS OR 
ACOUSTICS OR OPHTHALMOLOGY OR SUBSTANCE ABUSE OR PALEONTOLOGY OR DERMATOLOGY OR 
SPORT SCIENCES OR ELECTROCHEMISTRY OR TROPICAL MEDICINE )  
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Table S2)  The 41 articles (in alphabetical order of first author) that met the criteria for this study. The host species, phylogeny, parasite type and 
performance trait measured in each article are described. 
Authors Year Journal Host species Host Order Parasite type Performance Trait(s) 
Altizer & Oberhauer  1999 J Invertebr Pathol Monarch butterfly Lepidoptera Protozoa Survival, body stores 
Altizer et al. 2015 PloS One Monarch butterfly Lepidoptera Protozoa Movement 
Arizaga et al.  2009 Ardeola Blackcap Passeriformes Protozoa Refuelling, body stores 
Asghar et al.  2011 J Avian Biol Great reed warbler Passeriformes Protozoa Survival, phenology 
Asghar et al.  2015 Science Great reed warbler Passeriformes Protozoa Survival 
Bengtsson et al. 2016 R Soc Open Sci Mallard Anseriformes Virus Movement 
Bensch et al.  2007 J Anim Ecol Great reed warbler Passeriformes Protozoa Survival 
Bradford et al.  2010 Can J Fish Aquat Sci Sockeye salmon Salmoniformes Myxospora Phenology 
Bradley & Altizer  2005 Ecol Lett Monarch butterfly Lepidoptera Protozoa Movement 
Brown et al.  1995 P Roy Soc B-Biol Sci Cliff swallow Passeriformes Mites Survival 
Davidar & Morton  1993 Auk Purple martin Passeriformes Protozoa Survival 
Dawson & Bortolotti  2000 Auk American kestrel Falconiformes Protozoa Survival 
DeGroote & Rodewald  2010 J Avian Biol 
Magnolia warbler, Yellow-
rumped warbler 
Passeriformes Protozoa Body stores, refuelling, phenology 
Gargan et al.  2012 Can J Fish Aquat Sci Atlantic salmon Salmoniformes Mites Survival 
Gerard et al.  2013 Parasite European eel Anguilliformes 
Mites, protozoa, 
helminths 
Body stores 
Green et al.  2011 Eur J Wildlife Res Eurasian Teal Anseriformes Helminths Body stores 
Hoi et al.  2012 Parasitology European bee-eater Coraciiformes Mites Body stores 
Hostetter et al.  2011 T Am Fish Soc Rainbow trout Salmoniformes Disease index Survival 
Hoye et al. 2016 Integr Comp Biol. Bewick swan Anseriformes Virus Body stores, refuelling, survival 
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Kocan et al. 2006 J Fish Dis Rainbow trout Salmoniformes Protozoa Movement 
Kramer-Schadt et al. 2010 Can J Fish Aquat Sci Herring Clupeidae Protozoa Body stores 
Krkosek et al.  2013 P Roy Soc B-Biol Sci Atlantic salmon Salmoniformes Mites Survival 
Authors Year Journal Host species Host Order Parasite type Performance Trait(s) 
Latorre-Margalef et al. 2009 P Roy Soc B-Biol Sci Mallard Anseriformes Virus Body stores, movement, phenology 
Lopez et al. 2013 PLoS one Garden warbler Passeriformes 
Protozoa, gut 
parasite 
Phenology 
Mages & Dill 2010 Can J Fish Aquat Sci Pink salmon Salmoniformes Ectoparasite Movement 
Marzal et al. 2008 J Evolution Biol House martin Passeriformes Protozoa Body stores, survival 
Maxted et al. 2012 Avian Dis Ruddy turnstone Charadriiformes Virus Survival 
Møller et al. 2004 Ecology Barn swallow Passeriformes Mites, Protozoa Phenology 
Pap et al.  2005 Ibis Barn swallow Passeriformes Mites Body stores, survival 
Ratti et al.  1993 Oecologia Pied flycatcher Passeriformes Protozoa Body stores, phenology 
Righi & Gauthier  2002 Can J Zool Greater snow goose Anseriformes Helminths Body stores 
Rojo et al.  2014 Ardeola Bluethroat Passeriformes Protozoa Body stores 
Santiago-Alarcon et al.  2013 J Avian Biol Blackcap Passeriformes Protozoa Body stores, phenology 
Satterfield et al.  2013 Current Zoology Monarch butterfly Lepidoptera Protozoa Body stores 
Sivertsgard et al. 2007 Hydrobiologia 
Atlantic salmon,  
Brown salmon 
Salmoniformes Mites Movement, survival 
Sjoberg et al. 2009 J Fish Biol European eel Anguilliformes Helminths Body stores, movement 
Sorensen et al. 2016 J Avian Biol Great reed warbler Passeriformes Protozoa Body stores, survival 
Souchay et al. 2013 Oecologia Greater snow goose Anseriformes Helminths Survival 
van Dijk et al. 2015 Ecol Evol Mallard Anseriformes Virus Body stores 
van Dijk et al. 2015 Oikos Mallard Anseriformes Virus Movement 
van Gils et al. 2007 PLoS one Bewick's swan Anseriformes Virus Refuelling, movement, phenology 
Table S2 cont. 
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Figure S3) Phylogenetic tree created for all host species, using the Open Tree of Life as a 
reference (within R package rotl). 
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Figure S4) Observation weights (% contribution towards the final model of Hedges’ g ~ trait + 
host phylogeny) for 52 observations when a) using capped variance at 0.01, and b) using 
uncapped variances. 
 
 
 
 
 
Table S5) Model predicting Hedges’ g as a function of performance trait, applying uncapped 
variances instead to variances capped at 0.01 (see main text). Model parameters are very 
similar to model using capped variances, but residual heterogeneity (I2) is much higher. I2 is 
split into the variation attributed to study ID and host phylogeny. 
  
Variable Level Estimate S.E. Z 
Lower 
95% CI 
Upper 
95% CI 
P 
I2 
(total 
%) 
I2 
(study) 
I2 
(phylo) 
N 
 
Intercept -0.11 0.05 -2.14 -0.22 -0.01 0.03 89.0 42.5 46.5 52  
(Body Stores)       - - - 15 
Trait Refuelling -0.01 0.16 -0.09 -0.32 0.29 0.93 - - - 5  
Movement -0.37 0.10 -3.78 -0.56 -0.18 <0.001 - - - 9  
Phenology 0.01 0.06 0.10 -0.10 0.11 0.92 - - - 9  
Survival 0.01 0.05 0.21 -0.09 0.11 0.83 - - - 14 
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Figure S6) Model estimates (boxplot) from the final meta-model predicting host responses to 
infection status for each performance trait (Table S4) using uncapped variances, overlayed by 
raw data. Points are sized by their relative contribution to the model, and coloured by host 
phylogeny. Particularly large studies on survival in salmon (green) reduced the relative weight 
of all other points. 
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Figure S7) Plot showing relationship between Hedges’ g and variance (which is negatively 
related to sample size), showing that points with large variance tend to report more negative 
effect sizes.  However, this relationship is driven by three outliers. These three points have 
very little influence in the meta-analysis due to having such small sample sizes. 
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Figure S8) Distribution of parasite taxa and their hosts across the five traits modelled in this 
study (see Table 3 for model). Points are sized by their relative contribution to the model, and 
coloured by parasite taxa. 
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CHAPTER TWO 
Figure S1) Rarefaction curves for all samples, coloured by sample, excluding OTUs with a total 
abundance of 10 or fewer. Almost all OTUs could be detected by 5,000 reads. The top four 
lines represent the four environmental samples which had higher OTU richness. 
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Figure S2) Abundance and prevalence of each OTU, split by phyla. Note log scale on y axis.  
The most common phyla were Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria.   
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Figure S3) Differences in relative abundances of Phylum Chloroflexi, Family 
Succinivibronaceae, and genera Salinimicrobium and Streptococcus, and one OTU in the family 
Rhodobacteriaceae, between Red-necked stint inhabiting Flinders (left panel) and WTP (right 
panel); Each bar represents an individual Red-necked stint; solid line represents mean; dashed 
line represents median. 
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Figure S4) Relative abundance of the genus Corynebacterium, family Flavobacteriaceae and 
Class Mollicutes, found in recently arrived migrants (left panel) and residents (right panel) in 
September. Each bar represents an individual Red-necked stint; solid line represents mean; 
dashed line represents median. 
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Figure S5) Stacked barplot representing Red-necked stint captured at Flinders over the non-
breeding season (September, January and March), for which the genus Corynebacterium was 
detected. Colours represent the different groupings of Corynebacterium based on oligotyping. 
Where bars are absent, these samples had very low abundances of Corynebacterium. 
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Figure S6) Relative abundance of the Corynebacteriales and Cetobacterium found in 
September and March. Each bar represents an individual Red-necked stint; solid line 
represents mean; dashed line represents median. 
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Figure S7) Phyla-level changes in gut microbiota profile for individual Red-necked stint over 
the non-breeding season, split by migratory status. Declines in Actinobacteria within 
individuals are due to the loss of the genus Corynebacterium. 
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CHAPTER THREE 
Figure S1) Prevalence (%) and total abundance (log10 scale) of 4378 OTUs across all birds used 
in this study, applying rarefied data. Only phyla that are represented by at least 10 OTUs are 
shown (28 OTUs excluded). 
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Table S2) The ten most abundant OTUs and their corresponding genus for a) Curlew sandpiper 
in Broome, b) Red-necked stint in Broome, and c) Red-necked stint in Victoria.  Composition 
is for migrants in the left panel, and for corresponding resident conspecifics in the right panel.  
Mean abundance and prevalence are calculated separately for each group. OTUs belonging 
to Corynebacterium are highlighted in bold. 
Migrants Residents 
OTU ID Taxonomy 
Abundance 
(%) 
Prevalence 
(%) 
OTU ID Taxonomy 
Abundance 
(%) 
Prevalence 
(%) 
a) Curlew sandpiper (Broome)  
023 Corynebacterium 11.3 67 002 Cetobacterium 12.2 100 
027 Anaerobiospirillum 8.6 67 010 Mucispirillum 10.2 83 
002 Cetobacterium 6.9 92 018 Tyzzerella 3 8.1 100 
058 Corynebacterium 6.2 50 016 Bacteroides 7.0 100 
010 Mucispirillum 4.8 83 034 Erysipelotrichaceae uncl'd 6.7 100 
028 Corynebacterium 4.1 58 008 Catellicoccus 5.7 83 
013 Corynebacterium 3.8 58 044 Anaerofilum 5.5 100 
016 Bacteroides 3.8 92 027 Anaerobiospirillum 3.2 67 
008 Catellicoccus 3.7 75 017 Anaerobiospirillum 3.1 83 
076 Lutibaculum 3.3 33 015 Catellicoccus 2.7 67 
b) Red-necked stint (Broome)  
013 Corynebacterium 11.8 85 010 Mucispirillum 10.7 100 
002 Cetobacterium 10.2 100 011 Helicobacter 8.7 88 
017 Anaerobiospirillum 7.7 85 020 Catellicoccus 6.4 56 
009 Corynebacterium 7.0 54 002 Cetobacterium 5.1 94 
010 Mucispirillum 4.8 100 018 Tyzzerella 3 4.9 56 
016 Bacteroides 4.2 92 036 Methylobacterium 4.8 88 
020 Catellicoccus 3.3 85 017 Anaerobiospirillum 3.9 94 
015 Catellicoccus 3.1 54 032 Mucispirillum 3.7 94 
033 Roseateles 2.1 31 035 Anaerobiospirillum 3.7 100 
038 Parabacteroides 2.0 69 053 Vibrionimonas 3.1 69 
c) Red-necked stint (Victoria)  
009 Corynebacterium 22.5 93 006 Helicobacter 13.4 47 
002 Cetobacterium 7.8 87 002 Cetobacterium 7.1 93 
011 Helicobacter 6.4 87 008 Catellicoccus 5.4 93 
020 Catellicoccus 5.0 73 031 Breznakia 4.6 53 
013 Corynebacterium 4.4 93 039 Escherichia-Shigella 4.3 20 
014 Catellicoccus 3.0 100 014 Catellicoccus 3.5 93 
010 Mucispirillum 2.4 100 043 Candidatus Arthromitus 3.0 80 
028 Corynebacterium 2.3 80 011 Helicobacter 2.6 80 
018 Tyzzerella 3 2.1 80 018 Tyzzerella 3 2.0 73 
008 Catellicoccus 1.7 93 049 Brachyspira 2.0 53 
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Table S3) Identified OTUs that were found to significantly differ between migrants and 
residents (adjusted p < 0.01) for a) Curlew sandpiper in Broome; b) Red-necked stint in 
Broome; and c) Red-necked stint in Victoria. Table outlines OTU taxonomy (phylum and 
genus) and test statistics. Fold change values that are negative represent OTUs that are more 
abundant in migrants than residents. 
OTU ID Phylum Genus Mean 
abundance 
Fold change 
(Log2) 
SE Wald Adjusted 
p value 
a) Curlew sandpiper (Broome) 
319 Proteobacteria Methyloversatilis 37 -23.1 3.2 -7.29 <0.0001 
157 Actinobacteria Corynebacterium 18 -22.2 3.2 -6.98 <0.0001 
134 Actinobacteria Corynebacteriaceae uncl’d 17 -22.1 3.2 -6.99 <0.0001 
023 Actinobacteria Corynebacterium 648 -8.7 2.0 -4.45 <0.0001 
028 Actinobacteria Corynebacterium 177 -7.3 2.0 -3.65 0.0035 
044 Firmicutes Anaerofilum 398 5.0 1.5 3.41 0.0077 
017 Proteobacteria Anaerobiospirillum 212 6.3 1.5 4.20 0.0004 
070 Firmicutes Tyzzerella_3 133 6.7 1.9 3.51 0.0057 
124 Firmicutes Tyzzerella 104 8.7 1.5 5.61 <0.0001 
126 Firmicutes Ruminococcaceae uncl’d 43 9.5 2.4 3.93 <0.0012 
227 Firmicutes Peptostreptococcaceae uncl’d 119 10.8 2.1 5.12 <0.0001 
208 Firmicutes Clostridium_sensu_stricto_1 134 10.9 2.6 4.14 0.0005 
078 Proteobacteria Campylobacter 90 11.3 2.3 4.94 <0.0001 
628 Firmicutes Peptostreptococcaceae uncl’d 5 21.8 3.1 7.00 <0.0001 
358 Proteobacteria Gammaproteobacteria uncl’d 11 22.9 3.1 7.33 <0.0001 
343 Firmicutes Tyzzerella_3 23 23.9 3.1 7.66 <0.0001 
094 Tenericutes Mycoplasma 26 24.1 3.1 7.73 <0.0001 
316 Firmicutes Tyzzerella_3 47 24.9 3.1 7.99 <0.0001 
183 Firmicutes Candidatus_Arthromitus 86 25.7 3.1 8.26 <0.0001 
b) Red-necked stint (Broome)   
 
118 Actinobacteria Corynebacteriaceae uncl’d 45 -25.4 1.8 -
13.82 
<0.0001 
028 Actinobacteria Corynebacterium 243 -13.1 2.3 -5.73 <0.0001 
009 Actinobacteria Corynebacterium 451 -11.6 1.6 -7.14 <0.0001 
013 Actinobacteria Corynebacterium 1452 -10.3 1.2 -8.74 <0.0001 
117 Actinobacteria Corynebacteriaceae uncl’d 44 -8.5 1.4 -6.17 <0.0001 
011 Proteobacteria Helicobacter 1812 4.2 1.1 3.78 0.0047 
053 Bacteroidetes Vibrionimonas 449 4.7 1.2 3.90 0.0036 
106 Firmicutes Tyzzerella_3 132 5.4 1.2 4.36 0.0005 
765 Proteobacteria Acinetobacter 9 6.5 1.5 4.38 0.0005 
279 Proteobacteria Acinetobacter 13 6.5 1.7 3.74 0.0050 
358 Proteobacteria Gammaproteobacteria uncl’d 17 6.7 1.8 3.81 0.0046 
c) Red-necked stint (Victoria)     
013 Actinobacteria Corynebacterium 1267 -9.8 0.8 -
12.92 
<0.0001 
117 Actinobacteria Corynebacteriaceae uncl’d 72 -9.4 0.9 -9.99 <0.0001 
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009 Actinobacteria Corynebacterium 3735 -9.4 1.0 -9.66 <0.0001 
118 Actinobacteria Corynebacteriaceae uncl’d 53 -9.2 1.2 -7.71 <0.0001 
273 Actinobacteria Corynebacteriales uncl’d 23 -8.7 1.7 -5.11 <0.0001 
028 Actinobacteria Corynebacterium 383 -8.1 1.1 -7.35 <0.0001 
184 Actinobacteria Corynebacteriaceae uncl’d 26 -7.8 1.4 -5.45 <0.0001 
575 Actinobacteria Corynebacteriaceae uncl’d 11 -6.9 1.2 -5.69 <0.0001 
136 Actinobacteria Corynebacteriaceae uncl’d 17 -6.7 1.2 -5.46 <0.0001 
265 Actinobacteria Corynebacteriaceae uncl’d 8 -6.5 1.5 -4.28 0.0051 
757 Actinobacteria Corynebacterium 8 -6.3 1.2 -5.13 <0.0001 
238 Actinobacteria Corynebacteriaceae uncl’d 6 -6.1 1.0 -5.84 <0.0001 
769 Actinobacteria Corynebacteriaceae uncl’d 5 -6.0 1.4 -4.42 0.0030 
591 Actinobacteria Corynebacteriaceae uncl’d 5 -5.9 1.2 -4.95 0.0002 
006 Proteobacteria Helicobacter 235 7.3 1.3 5.74 <0.0001 
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Figure S4) Non-multidimensional scaling (NMDS) plot based on unweighted Unifrac distances, 
calculated for shorebird gut microbiota communities across all individuals, coded by 
migratory status, site and species (CS = Curlew sandpiper, RNS = Red-necked stint); Right 
panel shows subsetted plots for Curlew sandpiper in Broome (top), Red-necked stint in 
Broome (middle), and Red-necked stint in Victoria (bottom) 
 
 
 
 
 
 
